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ABSTRACT
The Development of Diving Capabilities in Weddell Seal (Leptonychotes weddellii) Pups
Throughout Early Ontogeny
Emma Lewis Weitzner
Weddell seals (Leptonychotes weddellii) are among the deepest diving pinnipeds
(i.e., seals, sea lions, and walrus) and one of the best studied marine mammals in the
world; as such, these seals are considered a model species for the study of diving
physiology and behavior. Adult Weddell seal dive physiology is rather comprehensively
understood, yet previous research has excluded an examination of pups’ initial
independent diving attempts, beginning instead with the diving capabilities of nearweaning individuals at four to five weeks of age. This is beyond the point many pups
have attempted their first independent dives; pups begin to enter the water at 8-10 days
after birth, with some observed in the water earlier. The aim of this study was to
investigate the development of diving capabilities and fine-scale behaviors of Weddell
seal pups beginning at one week of age throughout their dependence period.
Pups were sampled longitudinally at 1, 3, 5, and 7 weeks of age. Total body
oxygen stores (TBO2, mL O2) were calculated as the sum of blood, muscle, and lung
oxygen stores for each seal at all time points. Blood samples were collected under
sedation, muscle oxygen parameters were interpolated, and lung oxygen content was
extrapolated from adult values. Flipper-mounted time-depth recorders were used to
collect concurrent dive behavior data.
In chapter 1, I hypothesized that diving capability (TBO2) would be more strongly
correlated with dive experience than calendar age; to examine this, age, mass, and diving
parameters were correlated with oxygen stores. I instead found mass and age were most
significantly correlated with individual tissue oxygen stores and TBO2. I predicted diving
experience would be an important driver of oxygen storage development due to hypoxia
exposure, but pups spent the majority of their time in the water at the surface and had
little to no exposure to hypoxia during dependence. Increases in mass may enable early
advances in diving ability, and with increased diving capabilities, pups will be able to
become successful independent foragers. Later exposure to hypoxia may be the key to the
subsequent increases in TBO2 observed in yearlings and juveniles.
In chapter 2, I used TDR data to predict when pups would be in the water based
on developmental, temporal, and environmental factors including age, weaning status,
time of day, and weather parameters. Pups spent the most time in the water and made
their deepest, longest, and most frequent dives during the late night and early morning
hours. These data indicate pups are following the diving patterns of their mothers, which
follow the diurnal vertical migration of their prey. The data also suggest Weddell seal
pups most likely prioritize learning to swim and navigate as opposed to practicing
foraging while still dependent. It is critical for pups to develop their swimming,
navigational, and diving abilities while they are still with their moms to ensure their
survival.
This study is the first to describe the complete trajectory of the development of
diving physiology and behavior in Weddell seal pups throughout dependence. It is
iv

important to understand how the internal diving physiology of Weddell seal pups
develops because this directly determines their diving capabilities and their ability to
forage successfully, which in turn directly correlates with their survival. Pup survival is
an indicator of population growth rates, so the development of diving physiology in pups
can lend insights into larger population-level trends.
Keywords: dive physiology, oxygen storage, dive behavior, pinniped
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1. GENERAL INTRODUCTION
Adult Weddell seals (Leptonychotes weddellii) are some of the best-studied
marine mammals in the world, likely due to their accessibility; their time hauled out is
spent on coastal fast-ice, which is accessible to researchers as the sea ice is attached to
land. Weddell seals also have no land predators and are generally not aggressive towards
humans. Additionally, these seals frequently migrate and show a high degree of site
fidelity (often return to the same locations), so individuals and groups can be found
reliably, allowing for longitudinal studies (Stirling, 1969; Croxall at al., 1983; Cameron
et al., 2007; Thomas and Terhune, 2009). Weddell seals are the most southerly
distributed mammal, inhabiting some of the world’s coldest and harshest conditions in
Antarctica. They demonstrate model examples of incredible adaptations to their extreme
environment, including adults’ large body size and thick blubber layer for warmth both
on land and in the water (Kooyman, 2009; Thomas and Terhune, 2009; Mellish et al.,
2015). Further, with the exception of elephant seals, Weddell seals are the deepest diving
pinnipeds (i.e., seals, sea lions, and walrus), performing dives that can reach depths of
1200 meters and durations of over an hour. The energy costs for these elite divers are
markedly low, especially when compared to other diving species. For example, the diving
metabolic rate in Weddell seals is less than two times their basal metabolic rate, whereas
the diving metabolic rates of otariids (fur seals and sea lions) and dolphins are closer to
five times that of their basal metabolic rates (Kooyman et al., 1980; Lavigne et al., 1986;
Castellini et al., 1992; Ponganis et al., 1993; Williams et al., 1993; Hind and Gurney,
1997; Butler, 2004; Williams et al., 2004; Kooyman, 2009).
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Dives are undertaken primarily for foraging, hence diving is critical for acquiring
nutrients and for overall survival (Figure 1). Antarctic silverfish (Pleuragramma
antarcticum) and other small fish and squid constitute the bulk of the Weddell seal diet,
and these prey generally reside below 200 m in the water column (Burns et al., 1998;
Davis et al., 1999; Plötz et al., 2002). As such, most studies have found that the mean
dive depth of adult and most yearling Weddell seals is greater than 200 m (Kooyman et
al., 1980; Kooyman et al., 1983; Burns et al., 1998; Kooyman, 1989; Davis et al., 1999;
Plötz et al., 2002; Goetz et al., 2017; Salas et al., 2017). In general, Weddell seal foraging
is thought to occur in daily bouts consisting of up to 40 consecutive dives that are usually
to depths of 100 to 350 m and less than 25 min long (Davis et al., 1999; Goetz, 2015).
As with other air-breathing breathing vertebrates, Weddell seals exhibit a
physiological dive response when submerged, characterized by sudden onset bradycardia
(lowered heart rate), reduced cardiac output, reduced peripheral blood flow, and reduced
metabolic rate. These physiological responses are meant to reduce metabolic demands
and conserve oxygen during prolonged dives (Kooyman et al., 1980). Adult Weddell
seals also have a large oxygen storage capacity and rely on internal tissue stores as they
collapse their lungs at depth to combat hydrostatic pressure. These seals have a high
concentration of the oxygen-binding protein known as myoglobin in their muscles, which
allows for an increased oxygen storage capacity. Weddell seals also have a high
hematocrit, the volume of red blood cells in comparison to total blood volume. Because
red blood cells contain oxygen-binding hemoglobin, this increases oxygen storage
capacity in the blood (Guyton et al., 1995).

2

Figure 1: An Example, Foraging Dive Profile for an Adult Weddell Seal. This dive
reached a depth of about 120 meters, which falls within the standard range of 100-350 m.
Seals often come back to the same ice hole, demonstrating site fidelity and allowing ease
of research access. Graphic created by Lee Fuiman and taken from
https://antarcticsun.usap.gov/science/.

Weddell seals have larger total body oxygen stores (TBO2) than most terrestrial
mammals and even other diving animals; for example, these seals have a TBO2 of nearly
90 mL O2 · kg-1, whereas humans have only 20 mL O2 · kg-1 (Kooyman et al., 1980;
Kooyman and Ponganis, 1997). Because these seals collapse their lungs at depth, diving
adult Weddell seals store only 7% of their available oxygen in their lungs; the majority of
oxygen is stored in the blood (65%) and muscle (28%). TBO2 is an important indicator of
diving ability because it directly determines how long an animal can hold its breath
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during a dive (Kooyman et al., 1980; Kooyman, 1989; Ponganis et al., 1993; Guyton et
al., 1995).
Phocid (true seal) pups typically begin life with low oxygen storage capacities
(Burns, 1999). Pups must develop their physiology and diving abilities quickly in order to
independently forage successfully and subsequently survive into adulthood (Kooyman et
al., 1980; Burns, 1999). Many phocids have short periods of dependence because mothers
tend not to feed while nursing (Boness and Bowen, 1996). Polar seals that nurse on
unstable pack ice have remarkably short lactation periods (hooded seals at 4d, harp seals
at 12d, and leopard seals at 4w), whereas seals that breed on stable, fast ice nurse for a
longer period (ringed seals: 6w, Weddell seals: 6w). Weddell seals have one of the
longest periods of dependence for any phocid, which may reflect the extended time
needed to develop in one of the most extreme environments on the planet (Perrin et al.,
2002). Weddell seal mothers also differ from other phocids in that they forage during the
dependence period (Tedman and Bryden, 1979). During their six weeks of nursing and
dependence, Weddell seal pups begin the transition from a terrestrial mammal to one of
the most advanced divers on the planet (Hill, 1987; Burns et al., 2004).
Weddell seal pups are at a disadvantage compared to adults when it comes to
diving physiology due to their small body size, higher mass-specific metabolic rate, and
relative inability to regulate heart rate and other physiological processes as well as adults
(Kodama et al., 1977; Schmitz and Lavigne, 1984; Schmidt-Nielsen, 1990; Rea and
Costa, 1992; Cherepanova et al., 1993; Ponganis et al., 1993; Thorson and Le Boeuf,
1994; Castellini et al., 1994; Burns and Castellini, 1996; Butler and Jones, 1997).
Developing diving capabilities is crucial to the survival of Weddell seal pups because the
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foraging potential of a newly independent pinniped is directly dependent on diving ability
(Kooyman et al., 1980; Burns, 1999). Furthermore, many pre-weaning mortalities in
Weddell seal pups can be attributed to drowning as a result of underdeveloped swimming
and diving skills (Schreer et al., 1996). This link between diving capabilities and pup
survival has population-level implications: pup survival has been consistently shown to
be an important indicator of population growth rates as well as determining if the
population is above or below its net productivity level. Any decrease in pup survivability
is immediately reflected in the number of individuals entering subsequent age classes,
which in turn affects the entire population (Berkson and DeMaster, 1985; Cameron and
Siniff, 2004). Weddell seals are a long-lived, upper trophic level predator in the
Antarctic, and often these types of animals are considered ecosystem indicators due to
their sensitivity to environmental changes affecting their diet and habitat (Le Boeuf and
Crocker, 2005; Reid et al., 2005).
If a complete ontogeny of diving capabilities can be constructed for this species,
the findings may be applicable to other species of polar phocids. This information could
become invaluable as the effects of climate change become more apparent. For iceassociated and ice-dependent pinnipeds, changes to the environment related to global
warming threaten the stability of the ice on which these animals rely for reproduction and
nursing; these changes could reduce survival and have implications for population growth
rates (Laidre et al., 2008; Friedlaender et al., 2010). Global climate change may cause
seasonal sea ice to recede too rapidly, and in this case seal pups may be forced to enter
the water before they are physiologically capable of doing so (Burns et al., 2007; Lestyk
et al., 2009; Pearson et al., 2019). While changing climate may not affect Weddell seals
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for some time yet, effects have been reported in Arctic pinnipeds, and these effects are
predicted to worsen. An increase in mortality and a decrease in both body condition and
recruitment (when juvenile organisms survive to be added to a population) have been
reported for bearded seals and harp seals due to decreased ice cover in recent years
(Ferguson et al., 2005; Moore and Huntington, 2008; Stenson and Hammill, 2014).
Although Weddell pups have a much longer period of dependence than most Artic seals,
knowing proportionally when dive capabilities are being developed could be useful to
apply to other species. This research will allow the marine mammal research community
to predict potential effect of continued ice depletion on inaccessible polar seals using
information gathered on our model species.
Although Weddell seal dive behavior and physiology are well understood,
previous research has not examined pups’ initial diving attempts. Pups begin to enter the
water at 8-10 days after birth, with some observed in the water earlier (Stirling, 1969;
Rotella, unpublished data), and previous physiological research began with the diving
capabilities of pups at four to five weeks of age, or after they had already entered the
water for the first time (Burns and Castellini, 1996; Burns, 1999). To fully understand
diving development in Weddell seal pups, it is necessary to begin studying these animals
as they are first entering the water, or from around one week of age until they begin to
dive independently at weaning. This research helps to fill in the gaps in our knowledge of
early Weddell seal pup diving physiology and behavior.
The aim of this study was to investigate the development of diving physiology
and behavior of Weddell seal pups throughout ontogeny. Research was conducted at two
sites in Erebus Bay, Antarctica (Figure 2). In chapter two, I examine how the total body
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oxygen stores (TBO2) of pups change during the transition to independent foraging, and I
compare the oxygen storage capacity of pups to their adult counterparts. TBO2 was
calculated as the sum of blood, muscle, and lung oxygen stores, and was used to quantify
diving capability because it directly determines how long an animal can hold its breath
during a dive (Kooyman, 1989). I expected Weddell seal pups would not differ from
other pinniped pups in that they would begin life with lower oxygen stores than their
adult counterparts (Burns et al., 2004). To test this, I measured oxygen storage capacity
using blood sampling, Evans Blue blood volume technique (El-Sayed et al., 1995; Weise
and Costa, 2007), and muscle biopsies. Creating this profile of oxygen stores starting at a
young age allowed me to determine the rate at which oxygen storage capacity increased
with development in these seals. I also investigated whether calendar age or diving
experience was a more significant predictor of TBO2 development. Diving experience
was measured using time-depth recorders (TDRs) attached to pups, and diving experience
and age were correlated with oxygen storage parameters to determine the strongest
predictor of internal oxygen storage development.

Figure 2: Map of Hut Point Peninsula on Ross Island in Erebus Bay, Antarctica, Showing
the Two Study Sites Big Razorback Island and Turtle Rock. Map from
http://WeddellSealScience.com.
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In chapter three, I characterize the early diving behavior of Weddell seal pups.
TDRs were attached to pups at one week of age, which allowed me to record their early
entrances into the water. Previously, diving behavior of Weddell seal pups was only
intermittently documented with low resolution beginning after pups’ first entry into the
water (Burns and Testa, 1997; Burns and Castellini, 1998; Burns et al., 1999; Burns,
1999). This study used TDRs to record a depth measurement every four seconds if pups
were in the water, yielding extremely high-resolution diving data for pups (n = 7) aged
one week to seven weeks old, encompassing nearly their entire dependence period. I used
these diving data to determine under which conditions (i.e., time of day, age, weaning
status, and weather variables) pups were most likely to be in the water, as well as general
diving behavior trends. I hypothesized pups would spend significantly more time in the
water during the morning hours, and that their deepest and longest dives would occur in
the afternoon hours, based on previously documented patterns in adult females and
juveniles (Testa, 1994; Burns and Testa, 1997; Burns and Castellini, 1998; Burns et al.,
1999; Burns, 1999; Goetz, 2015). Characterizing this early diving behavior lends insight
into how pups are spending their early time under water – whether they are learning how
to dive and forage, prioritizing learning how to swim and breath hold, or some
combination of both.
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2. THE DEVELOPMENT OF DIVING PHYSIOLOGY IN DEPENDENT
WEDDELL SEAL (LEPTONYCHOTES WEDDELLII) PUPS
2.1 Introduction
Adult Weddell seals (Leptonychotes weddellii) are among the deepest diving
pinnipeds (i.e. seals, sea lions, and walrus) and one of the best studied marine mammals
in the world (Kooyman et al., 1980; Castellini et al., 1992; Ponganis et al., 1993;
Kooyman, 2009). Weddell seal dives have been recorded as deep as 1200 meters and as
long as nearly 90 minutes in duration (Castellini et al., 1992; Ponganis et al., 1993;
Kooyman, 2009). Diving capability is not only the key to successful foraging in Weddell
seals, but is also how these seals can remain submerged for long periods of time for
breeding, defending territories, maintaining breathing holes, and navigation (Stirling,
1969).
Adult Weddell seals are known to exhibit a physiological dive response when
submerged, characterized by sudden onset bradycardia and reduced cardiac output,
peripheral blood flow, and metabolic rate. These physiological responses serve to lessen
metabolic demands and conserve oxygen, the limiting factor for an air-breathing
vertebrate during a dive. Weddell seals also collapse their lungs at depth to combat
hydrostatic pressure (Kooyman et al., 1980; Kooyman and Ponganis, 1997). Thus,
Weddell seals rely on large internal oxygen stores in the blood and muscle to maintain
extended dive durations. Weddell seals have a larger oxygen storage capacity than many
terrestrial mammals and even other diving tetrapods; these seals have approximately 89
mL O2 · kg-1, which is comparable to other deep-diving seals such as northern elephant
seals (Hassrick et al., 2010). Humans on the other hand have only 20 mL O2 · kg-1,
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California sea lions (Zalophus californianus) have 40 mL O2 · kg-1, and emperor
penguins have 55 mL O2 · kg-1 (Kooyman et al., 1980; Kooyman and Ponganis, 1997;
Ponganis et al., 1993; Ponganis et al., 1997). Weddell seals achieve this relatively large
oxygen storage capacity with higher hematocrit and hemoglobin content in the blood and
with a higher myoglobin content in muscles when compared with terrestrial mammals of
similar body size. They also partition their oxygen stores differently due to their lung
collapse at depth: during dives, adult Weddell seals store the majority of their oxygen in
their blood (65%), followed by muscle stores (28%), with lungs stores representing only
7% of the available oxygen (Kooyman et al., 1980; Kooyman, 1989; Ponganis et al.,
1993; Guyton et al., 1995).
Weddell seal pups, like the young of other diving mammals, face more
physiological challenges while diving compared to adult conspecifics; they have smaller
body sizes, increased mass-specific metabolic rates, and a reduced ability to regulate
diving heart rate and vasoconstriction relative to adults (Kodama et al. 1977; Schmitz and
Lavigne 1984; Schmidt-Nielsen 1990; Rea and Costa 1992; Cherepanova et al. 1993;
Ponganis et al. 1993; Thorson and Le Boeuf 1994; Castellini et al. 1994; Burns and
Castellini 1996; Butler and Jones 1997). The foraging potential of a newly independent
pinniped is directly dependent on diving ability (Kooyman et al., 1980; Burns, 1999) and
many Weddell seal pup mortalities are due to drowning as a result of undeveloped diving
skills (Schreer et al., 1996).
Although adult, juvenile, and even yearling Weddell seal diving physiology is
well described, previous research has not examined pups’ initial independent diving
attempts, instead beginning with the diving capabilities of pups four to five weeks of age
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(Burns and Castellini, 1996; Burns, 1999). This is beyond the point at which many pups
have attempted their first independent dives; pups begin to enter the water at 8-10 days
after birth, with some observed in the water earlier (Stirling, 1969; Rotella, unpublished
data). To fully understand the early development of diving physiology in this species, it is
necessary to begin studying these animals as they first begin to enter the water at around
one week of age. Characterizing a complete trajectory of the development of diving
physiology in Weddell seal pups can enhance our understanding of pre-weaning and
weaning survival, which subsequently can yield important population-level information
on this ecologically important species.
The aim of this study was to investigate the development of diving capabilities in
Weddell seal pups throughout early ontogeny. We examined how the total body oxygen
stores (TBO2) of pups changed during early development and the transition to
independent foraging, and how these changes correlated with diving behavior. TBO2 was
calculated as the sum of blood, muscle, and lung oxygen stores. Blood oxygen stores
were measured from direct sampling, muscle oxygen content was calculated from
interpolated myoglobin values, and lung oxygen content was scaled to body size based on
relationships established for adult seals (Kooyman et al., 1971; Burns and Castellini,
1996; Shero et al., 2015). Time spent in the water and diving behavior were recorded
with flipper-mounted time-depth recorders (TDRs).
Previous research has shown increases in hypoxia exposure and exercise to be
correlated with increased myoglobin content and expression in terrestrial mammals as
well as in Weddell seals (Morrison et al., 1966; Stephenson et al., 1989; MacArthur 1990;
Saunders and Fedde, 1991; MacArthur et al., 2001; Kanatous et al., 2008). Pups that
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spend more time in the water will likely have higher hypoxia exposure and will perform
more physical activity than pups of the same age that are not in the water as frequently;
thus, we hypothesized that diving capability (TBO2) would be more strongly correlated
with dive experience than calendar age.
2.2 Materials and Methods
2.2.1 Study Site and Animal Handling
This study was conducted in 2017 during the Weddell seal pupping season,
including birth (October-November) through weaning and the transition to independence
(December). Research was conducted by a field team in McMurdo Sound, Erebus Bay,
Antarctica (~77°44’42” S, 166°46”26” E). We targeted pups from females of prime age
(7-16yrs old) that were multiparous, as these females had the highest likelihood of
producing healthy pups (Hadley et al., 2007; Mannas, 2011; Chambert et al., 2013;
Chambert et al., 2014). We obtained life history data of target mothers from the longterm population monitoring study on this population (project B-009; J. Rotella and R.
Garrott, Montana State University). Research procedures were conducted under National
Marine Fisheries Service permit #21006, California Polytechnic State University IACUC
#1605, and ACA permit #2018-013.
To study the ontogeny of diving capabilities, pups (n = 4) were sampled
longitudinally at four time points: 1 week, 3 weeks, 5 weeks, and 7 weeks of age. At each
handling time point, the pup was separated from its mother using a specially-crafted
herding board, placed into a net (SLO Sail and Canvas, San Luis Obispo, CA, USA) or
canvas duffel bag, and transported via sled a short distance (50-100 m) away from the
mother. We performed a brief health assessment before the procedure began to ensure the
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pup was healthy. The pup was then moved into a modified sling (7’x7’ debris collection
tarp, McMaster-Carr, Santa Fe Springs, CA, USA) and weighed using a high
performance crane scale (±0.25 kg, Intercomp CS1500RFX, Central Carolina Scale,
Sanford, NC, USA) suspended from a modified 1-ton capacity aluminum tripod (Spanco
Inc., USA). Animals were sedated using an initial intramuscular injection of butorphanol
(0.025-0.15 mg ∙ kg-1) and midazolam (0.1-0.2 mg ∙ kg-1). Following a 10-15 min
induction period, a stable line was established in the extradural vein using a sterile needle
(1-3.5 in, 16 Ga). After the procedure, sedation was reversed using flumazenil
(midazolam reversal, 0.008 mg kg-1) and naltrexone (butorphanol reversal, 0.1 mg ∙ kg-1).
Each pup was transported back to its mother, unless the pup was older than 5 weeks and
the mother was absent, or the pup had already weaned. Mother-pup reunions were
monitored for at least 30 minutes to ensure the pair remained bonded.
2.2.2 Determination of Oxygen Stores
Blood samples (~20 mL) were collected in heparinized and EDTA vacutainers
(Becton-Dickinson, Franklin Lakes, NJ, USA) from the extradural vein and kept from
freezing until they were transported to the laboratory within 12 hours of the time of
collection. Once in the laboratory, blood samples were rocked at room temperature for at
least ten minutes and checked for clotting. Hematocrit (Hct, %) was determined from
heparinized, whole blood samples in quadruplicate using a micro-hematocrit centrifuge
(Microhematocrit II, Becton-Dickinson, Franklin Lakes, NJ, USA) spun at max speed
(11,700 RPM) for ~10 minutes. Red blood cells (RBC, cells ∙ mL-1) were counted from
heparinized blood samples using Medix™ Ery-Tic RBC test kits (Medix Corp., Newbury
Park, CA, USA) and a hemocytometer. Hemoglobin (Hb) concentrations (g ∙ dL-1) were
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determined with the cyanomethemoglobin method from non-heparinized samples (Burns
et al., 2005; Shero et al., 2015) using Drabkin’s reagent (Ricca Chemical, Arlington, TX,
USA) and a Genesys™ 20 spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA) at λ = 540 nm. Hemoglobin concentration was calculated through a linear
regression of Hb standards (11.6 g ∙ dL-1, Pointe Scientific, Inc., USA). Mean corpuscular
hemoglobin concentration (MCHC) was calculated as MCHC (%) = [Hb g ∙ dL-1/Hct]
x100 (Shero et al., 2015). The remaining blood samples were centrifuged at 3000 g for 15
min (Clay Adams Dynac, Becton-Dickinson, Franklin Lakes, NJ, USA), and the
supernatant containing plasma or serum was stored at -80°C until analysis.
We measured plasma volume (in liters; PV) using the Evans blue dye technique.
After an initial blood draw, each pup at each time point received an intravenous injection
of Evans blue dye (~0.5 mg kg-1) at a concentration of 10 mg mL-1 into the extradural
vein (El-Sayed et al., 1995; Weise and Costa, 2007; Shero et al., 2015). Three sequential
blood samples were drawn at approximately 10-min intervals post-injection, with the
exact time of collection recorded. Samples were kept from freezing until they were
transported to the laboratory within 12 hours of the time of collection. Once in the
laboratory, blood samples were rocked at room temperature for at least ten minutes and
checked for clotting; samples were then centrifuged, and the plasma was stored at -80°C
until analysis. Because we were sampling dependent pups that were nursing, the blood
samples were often lipemic. To obtain non-lipemic plasma for analysis, plasma was
transferred to a 15 mL conical tube and centrifuged (Allegra 64R Centrifuge, Beckman
Coulter Inc., Fullerton, CA, USA) at -4ºC and 10,000 RPM for 20-25 min, or as long as it
took to get a defined lipid layer of supernatant with clear plasma. Clear plasma was
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transferred to a clean 15 mL conical tube with a 9” Pasteur pipette and kept on ice. After
separating lipid from the plasma, each sample was approximately 2-2.5 mL in volume.
Optical density of the plasma samples was determined at λ = 624nm and λ = 740 nm,
following El-Sayed et al. (1995) with corrections for hemolysis and precipitate (Weise
and Costa, 2007). Values from the Evans blue dye samples were log-transformed and
concentration at injection time was determined by linear extrapolation. Evans blue dye
stock (10mg ml-1) was used to construct standard curves and determine sample
concentrations. Dilution of the dye was used to calculate plasma volume (PV, L). Blood
volume (BV, L) was calculated from Hct and plasma volume (PV = mg Evans blue dye
injected / Evans blue dye concentration; Swan and Nelson, 1971) according to the
equation: blood volume (BV) = PV / [(100-Hct) / 100]. Blood volume and PV as a
percentage of total body mass (%BV and %PV, respectively) were also calculated.
Total blood oxygen stores (mL) were calculated using the following equations
(Weise and Costa, 2007):
CaO2 = BV x 0.33BBO2 x 0.95
CvO2 = BV x 0.67BBO2 x SvO2
where CaO2 is arterial blood oxygen (mL); CvO2 is venous blood oxygen (mL); BV is
blood volume (mL); percent arterial blood is assumed to be 0.33; percent venous blood is
assumed to be 0.67; BBO2 is the capacitance coefficient of blood (g Hb L–1 x 1.34 mL O2 ∙
g–1 Hb), assuming Hb has an oxygen-carrying capacity of 1.34 mL O2 ∙ g–1 (Dill et al.,
1932); and SvO2 is the oxygen saturation of mixed venous blood, assuming the oxygen
content was 5% by volume less than the initial arterial blood oxygen. We assumed the
arterial blood was 95% saturated at the time of measurement because the pup was under
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sedation (Kooyman et al. 1983; Davis and Kanatous 1999; Burns et al. 2007; Weise and
Costa, 2007; Shero et al., 2015). Total blood oxygen (mL O2) was calculated as the sum
of arterial and venous blood oxygen (mL), and mass-specific blood oxygen (mL O2 ∙ kg-1)
was determined by dividing total blood oxygen (mL O2) by mass (kg).
Muscle biopsies were attempted on each pup at each time point from the
longissimus dorsi with a disposable sterile 6 mm dermal biopsy punch (Integra Miltex,
Plainsboro, NJ, USA). However, due to the young age of the pups and the nature of the
developing muscle tissue, no muscle was successfully obtained from any of our sample
animals at any time point. We were able to collect samples from deceased neonates (n =
4) and adult females (n = 2), and myoglobin (Mb) concentration (g Mb ∙ 100 g-1 wet
muscle) was determined following Reynafarje (1963), as modified by Castellini and
Somero (1981). We used Mb values obtained from our neonate and adult samples and
from yearling and adult values in the literature (Table 8; Kooyman and Sinnett, 1982;
Kooyman et al., 1983; Ponganis et al., 1993; Burns and Castellini, 1996; Hindle et al.,
2011; Shero et al., 2015) to interpolate Mb values for each sampling time point. The mass
of the deceased neonates was estimated from a standard distribution of Weddell seal
neonate masses from Pearson et al. (2014b). Mb values from the literature were
correlated with corresponding total body mass using linear, logistic, and polynomial
regressions to compare goodness-of-fit. We then validated the accuracy of each
regression equation by calculating Mb concentration from known mass values and
comparing the outputs to the known Mb concentrations. We used the known mass of each
pup at each sampling point to calculate Mb concentration using each of the three
equations. Myoglobin concentration was used in combination with the oxygen-carrying
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capacity of Mb (1.34 mL O2 ∙ g–1; Dill et al., 1932) to calculate total and mass-specific
muscle oxygen stores (mL O2 ∙ kg-1) as follows:
Muscle O2 = [g Mb ∙ 100 g-1 lean mass] * [1000 g ∙ kg-1] * [1.34 mL O2 ∙ 1 g-1 Mb]
To ensure calculated Mb values were not an artifact of our interpolation method,
we performed a similar calculation with blood oxygen stores and compared the results to
our measured values. To do this, we used our measured week 1 blood oxygen storage
values to calculate expected blood oxygen storage values at each subsequent time point
based on literature values of mass and oxygen stores (Table 9; Kooyman et al., 1983;
Burns and Castellini, 1996; Hindle et al., 2011; Shero et al., 2015). We then compared
the calculated values to the actual trends for blood oxygen stores.
The linear regression of myoglobin concentration (Mb, g Mb 100 g wet tissue-1)
on mass (kg) had the lowest R2 value and was the least precise during validation (Figure
3), so this fit was not used. The logistic and polynomial regressions had similar R2 values
and precision during validation, with the polynomial fitting slightly better, so we only
included values from the polynomial regression (Figure 3). The linear interpolation of
blood was the best fit, and the subsequently interpolated mass-specific blood oxygen
values consistently overestimated the actual values by approximately 30%, but followed a
similar trend (Table 1), which helped validate our myoglobin interpolation approach.
Lung oxygen content was extrapolated from adult values (Kooyman et al., 1971;
Burns and Castellini, 1996; Shero et al., 2015) as follows:
Lung O2 = Vi x 0.15 FO2

17

where Vi is the estimated diving lung volume (L) calculated as 0.5 × 0.10(Mass)0.96,
assuming lung volume is at 50% total capacity at the start of diving; and 0.15 FO2 is the
partial pressure of oxygen in the lungs (Kooyman, 1989).
Total body oxygen stores (TBO2, mL) were calculated as the sum of blood,
muscle, and lung oxygen stores for each seal at all time points. We used our empirically
derived values of mass-specific blood oxygen stores, interpolated values of mass-specific
muscle oxygen stores from the regressions, and estimated lung oxygen stores for each
time point. TBO2 per unit of total body mass (TBM, mL O2 ∙ kg-1) and per unit of lean
body mass (LBM, mL O2 ∙ kg-1) were determined by dividing total oxygen stores by
TBM and LBM, respectively. LBM was calculated using morphometric data obtained
from pups using methods described in Shero et al. (2014).
2.2.3 Dive Behavior
Time spent in the water and dive behavior were recorded with flipper-mounted
time-depth recorders (TDRs; LAT1800XLFP, Lotek Wireless Inc., St. John’s,
Newfoundland, Canada) attached at the 1w time point to all pups (n = 4). TDRs were
attached to the interdigital webbing of the hind flippers through holes made with a leather
punch. TDRs were programmed to make a pressure recording only when wet, and to
record every 4s with a resolution of 0.5 m. To facilitate TDR retrieval, we attached VHF
radio transmitters (MM150, Advanced Telemetry Systems, Isanti, MN, USA) to the
dorsal pelage after the molt or on freshly molted pelage in a molting animal. Both
instruments were retrieved when the pups were 7 weeks old.
Data from TDRs were retrieved through Lotek TagTalk (version 1.10.9.9)
software and processed with the R package diveMove (Luque 2007). Pressure
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measurements (dbar) were converted to depths (m), which were then calibrated using a
zero-offset-correction method to adjust for pressure sensor drift (Luque 2007). Once the
raw data were calibrated, individual dives were described from the total data set,
including parameters such as maximum dive depth - the deepest point the pup reached
during a dive - and dive duration - the length of time between the pup beginning a dive to
when the pup resurfaced. We determined the following parameters for each dive time
point: average maximum dive depth (m), maximum dive duration (m), and total time
spent in the water (s). For each time point, values were averaged from 4-5 consecutive
days around the sample date to account for daily variation in dive behavior and to capture
a more comprehensive picture of diving ability. Maximum dive depth and duration were
collinear; maximum dive duration was selected as the predictor variable in subsequent
analyses because it reflects breath holding ability.
2.2.4 Statistical Analyses
All statistical analyses were conducted using JMP Pro 12 (SAS Institute Inc.,
Cary, NC, USA), and α = 0.05 was considered statistically significant. To test for
significant differences between pups’ mass-specific and total TBO2 at each time point
and adult values, we ran a linear mixed model with TBO2 as the response, animal ID as a
random factor, and age (our pups vs. adult values from the literature) as the predictor
(Table 10; Kooyman 1980; Hindle et al., 2011; Shero et al., 2015).
To determine how mass and dive parameters changed as pups aged, we ran a
linear mixed-model with animal ID as a random effect, a specific dive parameter (i.e.
maximum dive depth, maximum dive duration, total time in water) or mass as the
response, and age as the predictor. One pup (Lw1702) was an outlier in all results due to

19

an injury sustained from another seal after the first time point; therefore, this pup was not
included in analyses, leaving n = 3 pups (Lw1701, Lw1703, Lw1704).
To determine the strongest predictor of oxygen storage development, we ran a
series of linear regressions with animal ID as a random factor, a specific oxygen storage
metric as a response (i.e., Hct, Hb, RBC, PV, %PV, BV, %BV, MCHC, mass-specific
blood oxygen, total blood oxygen, mass-specific muscle oxygen, total muscle oxygen,
mass-specific lung oxygen, total lung oxygen, mass-specific TBO2, and TBO2), and one
of three dive metrics (i.e., maximum dive depth, maximum dive duration, total time spent
in water) or age (days) as the predictor. Mass was also included as a predictor for total
blood, muscle, lung, and TBO2 stores. Age, dive parameters, and oxygen storage
parameters were non-orthogonal – as pups got older, they spent more time in the water
and their oxygen storage capacity increased, so including everything in a single model
would lead to masking. Therefore, we ran individual regressions for each response
variable with animal ID as a random factor and used P-values and goodness-of -fit to
determine whether age or dive experience was a better predictor of oxygen storage
development. Mass-specific lung oxygen stores (mL O2 ∙ kg-1) and all total storage values
(blood, lung, muscle, TBO2) were log-transformed to achieve homogeneity of variance in
the regression on maximum dive duration.
To analyze the differences in oxygen stores of blood, lung, and muscle over time,
we ran a linear mixed model (LMM) with time point, oxygen store (i.e., blood, muscle, or
lung), and the interaction between the two as fixed effects, animal ID as a random effect,
and the oxygen store value (mL O2 ∙ kg-1) as the response, followed by Tukey’s HSD
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post-hoc test. We also ran a LMM with TBO2 as the response, time point as the fixed
effect, and animal ID as a random effect followed by Tukey’s HSD post-hoc test.
2.3 Results
Time point (1-7 weeks of age and adult) had a significant effect on TBO2 per total
body mass (TBM; F4, 6 = 4.84, P = 0.0471) (Figure 4A). Pups at 7 weeks of age had
significantly higher mass-specific TBO2 than pups at 1 week of age (P = 0.049), but there
were no other significant differences among time points (Figure 4A). Time point also had
a significant effect on TBO2 per lean body mass (LBM; F4, 7 = 13.7, P = 0.0015); 5-week
old pups had significantly higher lean mass-specific TBO2 than pups at weeks 1 and 3 (P
< 0.0439), and adults had significantly higher lean mass-specific TBO2 than pups at 1, 3,
and 5 weeks of age (P < 0.0423). There were no significant differences in lean massspecific TBO2 between adults and 7-week old pups, and lean mass-specific TBO2
plateaued at 5 weeks of age (Figure 4B).
Time point also had a significant effect on total body oxygen (F4, 7 = 142.63, P <
0.0001) (Figure 5). Adults had significantly higher TBO2 than pups at all ages (P <
0.0004). Pups at 5 and 7 weeks of age had significantly higher TBO2 than 1- and 3-week
old pups (P < 0.0008), and 3-week old pups had significantly higher TBO2 than 1-week
old pups (P < 0.0001) (Figure 5).
Most, but not all, blood parameters increased with age (Table 2). Age was the
most significant predictor of changes in Hb (F1,8 = 6.86, P = 0.0307), RBC (F1,8 = 26.97,
P = 0.0008), PV (F1, 8 = 22.15, P = 0.0015), %PV (F1,8 = 6.38, P = 0.0355), and BV (F1,8
= 79.89, P < 0.0001) (Table 3). However, maximum dive duration was the most
significant predictor of Hct (F1,8 = 32.52, P = 0.0004) and total time spent in water was
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the most significant predictor of %BV (F1,8 = 10.24, P = 0.0258) (Table 3). No measured
variables significantly predicted MCHC. Animal ID had a notable variance contribution
in the regression of BV with age (55%), PV with age (40%), and Hct with maximum dive
duration (36%) (Table 3). All measured muscle parameters increased with age (Table 2).
Animal ID had a noticeable variance contribution in the regression of mass-specific
muscle oxygen on age (50%).
There was a significant interaction between time point and type of oxygen store
(F6, 22 = 10.04, P < 0.0001; Figure 6). At each time point, blood and muscle oxygen stores
were significantly greater than lung oxygen stores (P < 0.0001). Muscle oxygen stores
were significantly greater than blood oxygen stores at weeks 3, 5, and 7 (P < 0.0003), and
muscle oxygen stores at week 5 and 7 were significantly higher than muscle stores at
week 1 (P < 0.0001).
Age significantly predicted an increase in mass (F1, 8 = 68.35, P < 0.0001),
maximum dive duration (F1, 8 = 33.631, P = 0.0004), and total time in water (F1,8 = 21.43,
P = 0.0017). Animal ID contributed 52% of the total variation in the regression of mass
on age. Total time in water increased significantly with mass (F1, 8 = 8.94, P = 0.0146)
(Table 2).
No measured variables significantly predicted mass-specific blood oxygen stores
(mL O2 kg-1) (Table 4). Age was the most significant predictor of total blood O2 (mL; F1,8
= 69.46, P < 0.0001) when compared to dive parameters; however, when mass was
included in any of the models, no other predictors for total blood O2 were significant.
Total blood O2 and mass followed similar trends with age (Figure 9), so total blood O2
was regressed with mass post-hoc. Mass was the most significant predictor of total blood
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O2 (F1,8 = 129.78, P < 0.0001) and had the strongest relationship of any blood oxygen
analysis performed (adjusted R2 = 94.21) (Table 4, Figure 8). Age was a more significant
predictor of mass-specific muscle oxygen stores (mL O2 ∙ kg-1; F1,8 = 68.15, P < 0.0001)
than dive parameters were, and mass (F1, 9 = 235.78, P < 0.0001) and age (F1, 8 = 57.04, P
< 0.0001) were the most significant predictors of total muscle oxygen (Table 4). Mass
(F1, 8 = 199, P < 0.0001) and age (F1, 8 = 55.09, P < 0.0001) were the most significant
predictors of total lung oxygen (Table 4). Finally, age was also the most significant
predictor of mass-specific TBO2 (F1, 8 = 23.20, P = 0.0013), and mass (F1, 9 = 571.67, P <
0.0001) and age (F1, 8 = 68.63, P < 0.0001) were the most significant predictors of TBO2
(Table 4). However, maximum dive duration and total time in water both significantly
predicted all oxygen storage metrics (P ≤ 0.0157), just not as strongly as mass and age.
Mass-specific TBO2 increased significantly with both maximum dive duration (F1, 8 =
16.99, P = 0.0031; Table 4, Figure 7A) and total time in the water (F1,8 = 9.25, P = 0.016;
Table 4, Figure 7B).
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Figure 3: Regression of Myoglobin Concentration (g Mb ∙ 100 g wet tissue -1) on
Mass (kg) From Literature Values (Table 8, Kooyman and Sinnett, 1982; Kooyman
et al., 1983; Ponganis et al., 1993; Burns and Castellini, 1996; Hindle et al., 2011;
Shero et al., 2015). Linear (green line, y = 0.0106x + 2.4836, R² = 0.5369), logistic
(Log.; blue line, y = 1.927ln(x) - 4.6374, R² = 0.6597), and polynomial (Poly.; orange
line, y = -3E-05x2 + 0.0279x + 1.2932, R² = 0.6718) fits were used to determine the best
fit. The best fit equation (Poly.) was used to estimate myoglobin concentration for the
study animals.
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Table 1: Interpolated and Actual Blood Oxygen Stores (mean ± SEM; mL O2 ∙ kg-1)
at Each of Four Time Points for Validation of Myoglobin Interpolation. Methods for
calculation shown in text.

Time Point
(age in weeks)
1
3
5
7

Interpolated Blood O2
(mL O2 ∙ kg-1)
38.90±0.31
37.31±0.20
36.69±0.10
36.64±0.17
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Actual Blood O2
(mL O2 ∙ kg-1)
34.77±4.87
27.33±2.00
27.49±0.97
27.92±1.04

A.

B.

C

Figure 4: Mean ± SEM Mass-Specific Total Body Oxygen for Weddell Seal Pups (n
= 3) at 1, 3, 5, And 7 Weeks of Age Compared with Published Values for Adult
Weddell Seals (Table 10; Kooyman and Sinnett, 1982; Kooyman et al., 1983;
Ponganis et al., 1993; Burns and Castellini, 1996; Hindle et al., 2011; Shero et al.,
2015), Based On (A) Total Body Mass (TBM) And (B) Lean Body Mass (LBM).
Different letters indicate statistically significant differences based on Tukey’s HSD posthoc test.
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Figure 5: Mean ± SEM Total Body Oxygen Stores (mL O2) for Weddell Seal Pups
(n = 3) at 1, 3, 5, and 7 Weeks of Age Compared with Published Values for Adult
Weddell Seals (Table 10; Kooyman and Sinnett, 1982; Kooyman et al., 1983;
Ponganis et al., 1993; Burns and Castellini, 1996; Hindle et al., 2011; Shero et al.,
2015). Different letters indicate statistically significant differences based on Tukey’s
HSD post-hoc test.
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Table 2: Mass, Oxygen Storage, and Dive Behavior Parameters (mean ± SEM) for
Weddell Seal Pups (n = 3) at Each of Four Time Points Across Early Development
(1, 3, 5, and 7 weeks of age). Oxygen storage parameters include hematocrit (Hct, %),
hemoglobin (Hb, g dL-1), red blood cell counts (RBC, cells mL-1), plasma volume (PV,
L), plasma volume as a percentage of mass (%PV), blood volume (BV, L), blood volume
as a percentage of mass (%BV), mean corpuscular hemoglobin concentration (MCHC,
%), mass-specific blood oxygen (mL O2 kg-1), total blood oxygen (mL O2), massspecific muscle oxygen (mL O2 kg-1), total muscle oxygen (mL), mass-specific lung
volume (mL kg-1), total lung oxygen (mL), and total body oxygen stores (TBO2, mL O2
kg-1). Methods for calculating or estimating parameters are described in the text.

Parameter
Mass (kg)

1
47.67±3.66

Time Point (age in weeks)
3
5
81.00±6.95
110.3±6.65

7
116.0±13.33

Blood O2
Hct (%)
Hb (g ∙ dL-1)
RBC (cells ∙ mL-1)
PV (L)
%PV (%)
BV (L)
%BV (%)
MCHC (%)
Blood O2 (mL O2 ∙ kg-1)
Total Blood O2 (mL)
Muscle O2
Muscle O2 (mL O2 ∙ kg-1)
Total Muscle O2 (mL)
Lung O2
Total Lung O2 (mL)
Total O2
TBO2 (mL O2 ∙ kg-1)
Dive Behavior
Max Dive Depth (m)
Max Dive Duration (s)
Total Time in Water (s)

45.83±2.58
16.98±1.62
256.33±12.35
4.26±0.42
8.91±0.00
7.84±0.59
16.52±0.01
36.91±1.50
34.77±4.87
1627.02±129.64

48.25±0.38
17.57±0.04
289.00±7.51
5.24±0.26
8.91±0.03
10.13±0.47
10.27±0.01
36.42±0.36
27.33±2.00
2190.50±100.84

51.67±1.06
19.31±0.98
314.50±20.31
6.16±0.20
5.61±0.00
12.76±0.60
11.59±0.00
37.34±1.41
27.49±0.97
3035.33±237.36

55.25±0.95
19.59±0.35
351.33±20.38
5.95±039
5.20±0.00
13.31±0.92
11.60±0.01
35.46±0.05
27.92±1.04
3211.41±245.98

33.02±4.22
1640.41±180.1

42.81±8.19
3669.6±483.02

50.85±7.91
5944.5±564.19

52.08±1.67
6495.5±1188.46

306.23±22.58

509.43±41.97

685.49±39.67

718.99±79.27

75.43±3.87

78.56±1.15

87.35±2.29

89.27±2.64

1.87±0.98
8.67±5.21
37.33±21.95

4.14±1.24
57.07±16.76
530.40±259.61

12.42±3.51
620.73±273.97
666.80±126.70

29.14±4.77
1129.29±49.88
1104.67±80.78
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Table 3: Results from Linear Mixed Regressions (LMMs) Examining the Effects of
Age and Dive Behavior Parameters (maximum dive duration (seconds) and Total
Time in Water (seconds)) on Hematocrit (Hct, %), Hemoglobin (Hb, g ∙ dL-1), Red
Blood Cell Counts (RBC, cells ∙ mL-1), Plasma Volume (PV, L), Plasma Volume as a
Percentage of Mass (%PV), Blood Volume (BV, L), Blood Volume as a Percentage
Of Mass (%BV), and Mean Corpuscular Hemoglobin Concentration (MCHC, %).
Only significant P-values are reported (α = 0.05). The most significant predictor of each
response variable is bolded, as determined by the lowest P-value, or if P-values were the
same, the highest adjusted R2 (% of variation explained by model) value. All LMMs were
run with one response variable, one predictor variable (due to collinearity between
predictor variables), and animal ID as a random effect.
Response
Blood
Hct (%)

Hb (g ∙ dL-1)
RBC (cells ∙ mL-1)

PV (L)

%PV (%)
BV (L)

%BV (%)
MCHC (%)

Predictor

P-Value

R2

Relationship

Age
Max Dive Duration
Total Time in Water
Age
Max Dive Duration
Age
Max Dive Duration
Total Time in Water
Age
Max Dive Duration
Total Time in Water
Age
Age
Max Dive Duration
Total Time in Water
Total Time in Water
No significant
predictors.

0.0004
0.0004
0.0076
0.0307
0.0381
0.0008
0.0036
0.0048
0.0015
0.0279
0.0070
0.0355
<0.0001
0.0026
0.0015
0.0258

77.93
79.26
44.05
46.24
46.89
74.77
58.51
61.60
75.20
40.74
64.96
37.31
90.83
61.34
72.92
49.60

Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Negative
Positive
Positive
Positive
Negative
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Figure 6: Oxygen Stores (mean ± SEM; mL O2 ∙ kg-1) for Weddell Seal Pups (n = 3)
at Each of Four Time Points Across Early Development (1, 3, 5, and 7 weeks of age).
TBO2 was calculated as the sum of empirically derived blood oxygen stores, interpolated
muscle oxygen stores, and estimated lung oxygen stores and. Different letters indicate
statistically significant differences based on Tukey’s HSD post-hoc test.
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Table 4: Results from Linear Mixed Regressions (LMMs) Examining the Effects of
Age, Dive Behavior Parameters (maximum dive duration (seconds)) and Total Time
in Water (seconds)), and Mass on Mass-Specific Blood Oxygen (mL O2 ∙ kg-1), Total
Blood Oxygen (mL), Mass-Specific Muscle Oxygen (mL O2 ∙ kg-1), Total Muscle
Oxygen (mL), Total Lung Oxygen (mL), Mass-Specific Total Body Oxygen Stores
(TBO2, mL O2 ∙ kg-1), and Total Body Oxygen (mL). Only significant P-values are
reported (α = 0.05). The most significant predictor of each response variable is bolded, as
determined by the lowest P-value; and if P-values were the same, the highest adjusted R2
(% of variation explained by model) value. All LMMs were run with one response
variable, one predictor variable (due to collinearity between predictor variables), and
animal ID as a random effect.

Response
Mass-specific Blood O2
(mL O2 ∙ kg-1)
Total Blood O2 (mL)

Mass-specific Muscle O2
(mL O2 ∙ kg-1)
Total Muscle O2 (mL)

Total Lung O2 (mL)

Mass-specific TBO2 (mL
O2 ∙ kg-1)
Total TBO2 (mL)

Predictor
No significant
predictors.
Age
Max Dive Duration
Total Time in Water
Mass
Age
Max Dive Duration
Total Time in Water
Age
Max Dive Duration
Total Time in Water
Mass
Age
Max Dive Duration
Total Time in Water
Mass
Age
Max Dive Duration
Total Time in Water
Age
Max Dive Duration
Total Time in Water
Mass
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P-Value

R2

Relationship

<0.0001
0.0017
0.0035
<0.0001
<0.0001
0.0064
0.0069
<0.0001
0.0102
0.0072
<0.0001
<0.0001
0.011
0.0073
<0.0001
0.0013
0.0031
0.0157
<0.0001
0.0067
0.0059
<0.0001

89.14
66.58
63.97
94.21
89.33
47.25
59.84
87.00
31.11
57.92
95.93
86.65
28.93
57.71
95.1
71.77
64.95
45.18
88.78
37.81
58.52
95.93

Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
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Figure 7: Changes in (A) Total Blood Oxygen (mL) and (B) Mass (kg) With Age
(days) for Weddell Seal Pups (n = 3). Lines indicate trends for each individual; different
colors and symbols indicate different animal IDs.
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Figure 8: Regression of Total Blood Oxygen (mL) with Mass (kg) for Weddell Seal
Pups (n = 3). Best fit line is shown (R2 = 94.21). Different colors and symbols indicate
different animal IDs.
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Figure 9: Trends of Total Body Oxygen Stores (mean ± SEM; TBO2, mL O2 ∙ kg-1)
with (A) Mean Maximum Dive Duration (seconds) and (B) Mean Total Time in
Water (Seconds) for Weddell Seal Pups (n = 3) at Each of Four Time Points Across
Early Development (1, 3, 5, and 7 weeks of age). Methods of calculations described in
text.
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2.4 Discussion
In air-breathing mammals, the ability to dive is directly limited by the amount of
oxygen available during submergence (Kooyman and Ponganis, 1997). Thus, the
development of diving physiology, especially in young pinnipeds, is inherently linked to
the success and even survival of the animal (Kooyman et al., 1980; Burns, 1999).
Previous research has consistently documented a lower total and mass-specific oxygen
storage capacity in pinniped pups when compared with adults. For example, newborn
gray seals (Halichoerus grypus) have a total oxygen storage capacity of 38.1 mL O2 · kg-1
compared to 61.4 mL O2 · kg-1 in adults (~62% of adults’ capacity, Noren et al., 2005).
Similarly, the relative oxygen storage capacity of other neonate pinnipeds when
compared with adults is 64% in hooded seals (Cystophora cristata, Burns et al., 2007),
54% in harp seals (Pagophilus groenlandicus, Burns et al., 2007), 51% in Steller sea
lions (Eumetopias jubatus, Richmond et al., 2006), and 57% in California sea lions
(Weise and Costa, 2007). We hypothesized that Weddell seal pups would be similar to
other pinniped pups in that they would begin life with much lower oxygen stores than
their adult counterparts; but instead, we found the relative mass-specific total body
oxygen stores (mL O2 · kg-1 ) in Weddell seal pups when compared with adults was ~
98%. Mass-specific TBO2 relative to total body mass (TBM, kg) was not significantly
different from adult stores at any time point (Figure 4A), which is contrary to previouslydescribed trends in other pinniped pups. Harp, hooded, gray, and harbor seal pups all
have significantly lower mass-specific TBO2 than adults, and even show decreases within
the first weeks of dependence, with later increases in mass-specific TBO2 post-weaning
(Burns et al., 2004; Noren et al., 2005; Clark et al., 2006; Richmond et al., 2006; Burns et
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al., 2007; Clark et al., 2007). Weddell seal pups enter the water at a relatively young age,
with some observed in the water as early as 2 days old (Lindsey, 1937), and as young as 7
days old in our study. This precocial diving behavior, in combination with high rates of
mass gain during the first few weeks of nursing, could contribute to the adult-level massspecific TBO2 observed in our pups. We did see a significant increase in mass-specific
TBO2 relative to TBM between 1- and 7-week old pups, likely associated with the high
growth rate of lean tissue, which is vascularized and able to store oxygen, unlike blubber
(Burns et al., 2004; Clark et al., 2006; Burns et al., 2007; Clark et al., 2007). When we
examined mass-specific TBO2 relative to lean body mass (LBM, kg), however, we found
that adults had significantly higher oxygen stores than pups at all time points (Figure 4B).
This supports our suspicions that the substantial increases in blubber during the earliest
weeks of dependence may be skewing the mass-specific TBO2 results seen in the TBM
analyses.
We found trends consistent with previous studies in total body oxygen storage
capacity (TBO2, mL O2) across ontogeny in our study animals (Figure 5). TBO2 increased
significantly until pups were 5 weeks of age, after which oxygen stores plateaued to the
week 7 time point. This could be a reflection of changes in body composition during
development, as the capacity for total oxygen storage is related largely to increases in lean
body mass as opposed to less vascularized blubber mass, which does not store oxygen
(Burns et al., 2005; Noren et al., 2005; Clark et al., 2006; Burns et al., 2007; Clark et al.,
2007). Between 1 and 3 weeks of age, pups in this study gained an average of 2.2±0.14
kg/day, ~60% of which went to blubber mass. Mass gain decreased to 1.8±0.15 kg/day
between 3 and 5 weeks of age, but the proportion of lean mass gain increased to ~50%.
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Between 5 and 7 weeks of age, 2 of the 4 pups weaned and subsequently lost mass, causing
the average rate of mass gain to drop to 0.36±0.8 kg/day. This increase in the rate of lean
mass gain would explain the increase in TBO2 over the first few weeks of life, and the
decreased rate of mass gain from 5 to 7 weeks could explain the plateau in TBO2 we
observed.
Our hematological findings slightly differ from what has been reported in other
pinniped pups. For example, in the harbor seal, another precocial diver, Hb, Hct, and RBCs
start off relatively high but then drop precipitously during the early weeks of nursing
(Burns et al., 2005; Clark et al., 2006; Clark et al., 2007). In our pups, nearly all blood
parameters increased consistently with age (Table 2). However, trends in PV, BV, %PV,
and %BV were consistent with what has been described for other pinnipeds (Burns et al.,
2004; Burns et al., 2005; Noren et al., 2005; Clark et al., 2006; Richmond et al., 2006;
Burns et al., 2007; Clark et al., 2007; Weise and Costa, 2007): as mass increased, PV and
BV increased concomitantly, but these parameters decreased as a proportion of body mass.
The dramatic rate of mass gain that Weddell seal pups undergo in their early development
out-paces the development of plasma and blood volume due to delays in red blood cell
production rates (Burns et al., 2004; Burns et al., 2005; Noren et al., 2005; Clark et al.,
2006; Richmond et al., 2006; Burns et al., 2007; Clark et al., 2007; Weise and Costa,
2007).
Interestingly, we saw no changes in MCHC (Table 3), which could indicate
Weddell seal pups, unlike many other pinniped pups, may not experience the early anemia
that results from a decreased proportion of Hb per unit blood volume caused by a rapid
expansion of plasma volume (Clark et al., 2006). Other pinniped pups combat this early
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anemia with increases in erythropoietin (Epo), a hormone that stimulates RBC production
in response to hypoxia experienced post-parturition. Epo is produced in the liver prior to
birth, and then in the kidneys after birth (Clark et al., 2006). Perhaps Weddell seal fetuses
have an increased expression of Epo to boost RBC production prior to and after birth, to
offset the dramatic expansion of PV that occurs in the first 1-3 weeks of life. This higher
RBC level would also explain the consistent increases we observed in Hct, despite large
increases in PV and BV and decreases in mass-specific PV and BV, which has not been
seen in other pinniped pups (Burns et al., 2004; Burns et al., 2005; Noren et al., 2005; Clark
et al., 2006; Richmond et al., 2006; Burns et al., 2007; Clark et al., 2007). Another
explanation for Weddell seal pups’ relatively high neonatal blood oxygen levels could be
the mother’s behavioral changes during the last trimester of pregnancy; gestating females
significantly increase their foraging effort with longer and deeper dives and appear to be
operating closer to their physiological limits to ensure enough energy is going to fetal
growth (Shero et al., 2018). This increased physiological exertion on the part of the mother
could influence fetal development.
The significant increase in total blood oxygen stores with age (Table 4) is
consistent with previous research and follows with the gain in oxygen-storing lean tissue
(Burns et al., 2004; Burns et al., 2005; Noren et al., 2005; Clark et al., 2006; Richmond et
al., 2006; Burns et al., 2007; Clark et al., 2007; Weise and Costa, 2007). There were no
significant differences in mass-specific blood oxygen stores relative to TBM during
development (Figure 6), which was not entirely expected but is consistent with patterns in
other pinniped pups. It seems body mass increases so rapidly due to deposition of a
substantial blubber layer that even significant increases in total blood oxygen are not
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reflected when mass is considered. However, our results suggest that Weddell seal pups
may be gaining highly vascularized lean mass at a higher rate than other polar phocid pups,
which prioritize gaining blubber (Burns et al., 2007). This could explain why mass-specific
blood oxygen stores did not exhibit significant decreases as pups aged and as plasma and
blood volume increased.
The consistent increase in mass-specific muscle oxygen and total muscle oxygen
stores (Table 2) is dissimilar to what is seen in other pinniped pups, which show a lack of
growth in any of these parameters during dependence (Burns et al., 2004; Burns et al.,
2005; Noren et al., 2005; Clark et al., 2006; Richmond et al., 2006; Burns et al., 2007;
Clark et al., 2007; Weise and Costa, 2007). However, Weddell seals have one of the
longest dependence periods of any phocid (Perrin et al., 2002), so increases in muscle
oxygen stores may be happening at similar calendar ages in other phocid pups but after
weaning. Polar phocids in particular often have short periods of dependence (Perrin et al.,
2002) and thus spend most of this time inactive and hauled out on the ice nursing and
depositing blubber (Lydersen and Kovacs, 1999). Once pups in our study entered the water,
they spent large portions of their time swimming and attempting dives; thus, they might
perform more physical activity during dependence than other pinniped pups of the same
age and thus require higher muscle oxygen stores to support aerobic exercise.
Muscle oxygen stores were the largest oxygen store after 1 week of age, which is
inconsistent with both adult Weddell seal oxygen partitioning and that of most marine
mammals (Kooyman and Ponganis, 1997). Other pinniped pups demonstrate highly
diminished muscle oxygen stores, and blood is generally the more important store (Burns et
al., 2004; Burns et al., 2005; Noren et al., 2005; Clark et al., 2006; Richmond et al., 2006;
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Burns et al., 2007; Clark et al., 2007; Weise and Costa, 2007); yet we observed that
Weddell seal muscle stores were not only the largest store, but also increased throughout
development (Figure 6). Generally, Mb stores are underdeveloped in nursing pinnipeds due
to the paucity of iron and protein in the mother’s milk (Kanatous, 2008; Geiseler et al.,
2013). Weddell seal pups enter the water so early and spend so much time in the water, it
could be possible they are supplementing their protein intake through foraging. Foraging
during weaning has not been documented per se in this species, and it is presumed that
pups have a ~2-week post-weaning fast, yet previous research has discovered prey items in
the stomachs of dependent pups (Lindsey, 1937; Rea, 1995). Weddell seal pups are
potentially capturing easier, more accessible prey, and in combination with high levels of
physical activity, muscle oxygen stores are able to increase and potentially become the
most important store for dependent pups. Furthermore, Weddell seal pups have been shown
to have a higher aerobic capacity than adults, and juveniles have higher Mb concentration
than adults (Kanatous, 2008). Pups are not able to conserve energy as well as adults and are
not performing the typical foraging bouts seen in adults (Kodama et al., 1977; Schmitz and
Lavigne, 1984; Schmidt-Nielsen, 1990; Rea and Costa, 1992; Cherepanova et al., 1993;
Ponganis et al., 1993; Thorson and Le Boeuf, 1994; Castellini et al., 1994; Burns and
Castellini, 1996; Butler and Jones, 1997), so it follows that they would have larger muscle
oxygen stores to facilitate their energy expenditure while learning to swim, navigate, and
dive.
It is worth noting that our Mb values were interpolated, so may not be entirely
accurate. In validation, our interpolation method consistently overestimated measured
blood oxygen levels by approximately 30%, so this could be occurring in the myoglobin
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interpolation as well. However, muscle oxygen stores were still the highest store after the
first week even when reduced by 30%, so we do not believe our results are beyond the
realm of possibility. If muscle samples could be obtained from dependent pups, we could
empirically validate our interpolation method; if the interpolation were supported with
empirical validation, interpolation of Mb could be used in place of the much more invasive
biopsy techniques in future studies.
Our hypothesis that dive experience would be the most significant predictor of
TBO2 development was not supported, and we instead found that mass and age were more
important in driving the development of diving physiology. However, dive parameters still
significantly predicted increases in all oxygen storage parameters. Additionally, when we
looked at individual blood parameters, dive experience was a more significant predictor of
Hct and %BV than age was (Table 3). These patterns could be an artifact of our small
sample size, but it is also possible that diving experience plays an important role in Hct and
BV development due to the locomotory demands of early and frequent swimming.
We were surprised to see that mass was the most significant correlate of total
tissue oxygen stores and TBO2 to the extent that it even had a masking effect when it was
included with other predictive parameters in our LMMs. Mass and diving abilities are
inherently linked and have demonstrated, positive relationships in nearly every marine
mammal for which dive physiology and behavior have been described (Kooyman et al.,
1980; Kooyman and Ponganis, 1997). We predicted diving experience would be an
important driver of oxygen storage development due to hypoxia exposure, but we found
that pups spent the majority of their time in the water at the surface, and their dive times,
even at 7 weeks of age, did not come close to exceeding the calculated aerobic dive limit
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(cADL) that has been reported for post-weaning pups (Burns and Castellini, 1996). As
such, pups likely had little to no exposure to hypoxia during dependence. It could be the
case that increases in mass are what enable early advances in diving ability, and if pups are
able to dive deeper and longer, they will be able to become successful independent foragers
(Kooyman et al., 1980; Burns, 1999). Later exposure to hypoxia may be the key to the
subsequent increases in TBO2 observed in yearlings and juveniles (Burns and Castellini,
1996).
This study is the first to describe the complete trajectory of the development of
diving physiology in Weddell seal pups throughout dependence. It is important to
understand how the internal diving physiology of Weddell seal pups develops because this
is directly responsible for their diving capabilities and their ability to forage successfully
(Kooyman et al., 1980; Burns, 1999). Pup survival is an indicator of population growth
rates, so the development of diving physiology in pups can lend insights into larger
population-level trends (Berkson and DeMaster, 1985; Cameron and Siniff, 2004).
Understanding Weddell seal population dynamics is important for the Antarctic ecosystem
because Weddell seals are a long-lived, upper trophic level predator in the Antarctic, and
often these types of animals are considered ecosystem indicators due to their sensitivity to
environmental changes affecting their diet and habitat (Le Boeuf and Crocker 2005; Reid et
al. 2005).
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3. EARLY DIVING BEHAVIOR IN WEDDELL SEAL (LEPTONYCHOTES
WEDDELLII) PUPS
3.1 Introduction
Weddell seals (Leptonychotes weddellii) are one of the deepest-diving pinniped
species and can reach depths of over 1200 m and dive durations of over 90 min (Goetz,
2015). The Weddell seal is considered a model species for studying diving physiology,
due to its incredible diving abilities and also because of its high site fidelity, relative ease
in capture, and ease of instrument attachment and retrieval (Burns and Testa, 1997). The
diving behavior of Weddell seal adults, sub-adults, yearlings, and even weaned pups is
quite well studied and well understood (Kooyman, 1968; Kooyman, 1975; Siniff et al.,
1975; Kooyman, 1981; Thomas and DeMaster, 1983; Testa et al., 1985; Testa et al.,
1989; Castellini et al., 1991; Testa, 1994; Burns and Testa, 1997; Burns, 1999; Burns et
al., 1999). Temporal and age-specific diving patterns are also well-documented in this
species. Adult Weddell seals generally forage in bouts of dives to depths of 250-600m,
which is where the bulk of the Weddell seal diet is located (Burns et al., 1998; Davis et
al., 1999; Plötz et al., 2002). Adult, sub-adult, and yearling seals make their deepest,
longest dives in the afternoon, but spend more time in the water during the late night to
early morning hours (Testa, 1994; Schreer and Testa, 1996; Burns and Testa, 1997; Burns
et al., 1997; Burns and Castellini, 1998; Burns et al., 1999; Burns, 1999; Burns and
Kooyman, 2001; Plötz et al., 2002). These trends are likely driven by the diurnal, vertical
migrations of prey species, including Antarctic silverfish (Pleuragramma antarcticum),
and these trends are also noted in other Antarctic divers such as Antarctic fur seals
(Arctocephalus gazella), crabeater seals (Lobodon carcinophagus), and different species
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of penguins (Croxall et al., 1985; Bengston and Stewart, 1992; Boyd and Croxall, 1992;
Castellini et al., 1992; Wilson et al., 1993; Testa, 1994; Burns et al., 1999).
What has not been well-documented for Weddell seals is the dive behavior of
dependent pups, particularly when they first enter the water. Previous research has not
documented the diving behaviors of nursing Weddell seal pups in high resolution, and
furthermore, has not investigated when pups are spending time in the water. Burns and
Testa (1997) began studying dive behavior of Weddell seal pups at 2 weeks of age, but
because of the technological constraints at that time, they were only able to collect depth
data in 10 second bins for a few days every two weeks. This lack of continuity in data
collection leaves gaps in the understanding of the fine-scale developments in diving
behaviors pups undergo as they begin to dive more frequently.
This study used time-depth recorders (TDRs) to collect high-resolution diving
data from Weddell seal pups starting at one week of age, which is around the time that
pups first begin to enter the water (Lindsey, 1937; Stirling, 1969), throughout nursing to
capture the early development of diving patterns and behavior. We hypothesized that we
would be able to significantly predict when pups were more likely to be in the water
based on environmental, temporal, and developmental factors including age, weaning
status, time of day, and weather parameters. We also hypothesized that pups would show
similar trends to those of adult females and yearlings and would make their deepest and
longest dives in the afternoon, but would spend more time in the water during the late
night and morning hours. Although previous research found no significant diel effect on
diving behaviors in young pups (Burns and Testa, 1997; Burns and Castellini, 1998), we
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predicted that segmenting the day into 3-hour time bins would allow for temporal trends
to be more evident.
3.2 Materials and Methods
3.2.1 Study Site and Animal Handling
This study was conducted in 2017 during the Weddell seal pupping season,
including birth (October-November) through weaning and the transition to independence
(December). Research took place in McMurdo Sound, Erebus Bay, Antarctica
(~77°44’42” S, 166°46”26” E) at two sites: Turtle Rock and Big Razorback (Figure G2).
Research procedures were permitted under National Marine Fisheries Service #21006,
California Polytechnic State University IACUC #1605, and ACA #2018-013. We
targeted pups from females of prime age (7-16yrs old) that had multiple pups in their
lifetime, as these females had the greatest likelihood of producing healthy pups (Hadley
et al., 2007; Mannas, 2011; Chambert et al., 2013; Chambert et al., 2014). Pups selected
for the study were born on the northwestern side of Big Razorback Island and on the
western side of Turtle Rock. Information on mothers and pup birth dates were obtained
from the long-term population monitoring study on this population (project B-009), in
collaboration Drs. Rotella and Garrott (Montana State University).
Time spent in the water and diving behavior were recorded with flipper-mounted
time-depth recorders (TDRs, Lotek LAT1800XLFP) attached to one of the hind flippers
when pups were one week of age (n = 7) using methods described in chapter 1. Three
pups were under sedation during tag attachment, and five pups were under manual
restraint (see chapter 1 for sedation and restraint methods). TDRs were programmed to
make a pressure recording if wet, and to record every 4s with a resolution of 0.5 m. All
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instruments were retrieved when the pups were seven weeks old, which was at or near the
time of weaning.
Data from tags were retrieved through Lotek TagTalk software (version 1.10.9.9)
and processed and analyzed using the diveMove package in R (Luque, 2007). Pressure
measurements (dbars) were converted to depths (m), which were then calibrated using a
zero-offset-correction method to adjust for pressure sensor drift (Luque, 2007). A “dive”
was defined as a recording deeper than 2m; a record shallower than that was considered
time at the surface. The average standard length of pups in this age range is less than 2m
(Bryden et al., 1984; this study, unpublished data), so if a recording was made deeper
than 2m, pups would have to be breath-holding and not breathing at the surface. For each
dive, the maximum dive depth (m) was considered the deepest point of the dive, and the
maximum dive duration (s) was the amount of time between when the pup began the dive
to when the pup resurfaced. Each dive was also associated with a post-dive duration (s),
or the amount of time the pup spent at the surface between consecutive dives.
Weather data were collected from an integrated sensor suite weather station
(Davis Vantage Pro 2, Davis Instruments, Hayward, CA, USA) mounted on a temporary
shelter at our field site near Turtle Rock. Air temperature (ºC), wind chill (ºC), wind
speed (kph), and wind direction were recorded every five minutes for the duration of the
field season (October-December). Weather information for specific day and time was
matched to the times of raw and defined dive recordings rounded to the nearest five
minutes for analyses.
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3.2.2 Statistical Analyses
All statistical analyses were conducted using JMP Pro 12 (SAS Institute Inc.,
Cary, NC, USA) and R, and α = 0.05 was considered statistically significant. The earliest
recorded entry into the water was noted for each pup, and we determined the average
maximum dive depth, maximum dive duration, and post-dive duration for pups every two
weeks (i.e., ages 1, 3, 5, and 7 weeks). Log-transformed post-dive duration was regressed
on maximum dive depth and duration, and animal ID was included as a random effect in
these analyses to account for individual variation. Data were grouped into two sets for
subsequent analyses: a raw dive data set, and a data set with discrete dives. The raw dive
data set was used to determine under which conditions pups were most likely to be in the
water, and trends in early dive behavior were analyzed separately using discrete dives.
3.2.3 Raw Dive Data
The raw dive data set included depth recordings every 4 seconds if the pup was
submerged, along with imputed missing 4-second time points to create a comprehensive
picture of when pups were in the water throughout the duration of tag attachment.
Variables of this data set (Table 11) included animal ID, continuous date/time stamps
(every 4 seconds starting at the beginning of tag attachment until retrieval), depth of the
recording (meters), times of day split into eight periods (Table 5), age of the pup in days,
a binary yes/no response for whether or not the pup was in the water, whether or not the
pup was weaned (yes/no), and weather variables segmented into bins (Table 6). To
determine which variables were most correlated with pups being in the water, we ran a
binary logistic regression with submergence (yes/no) as the response and time of day
(split into eight, 3-hour bins; Table 5), air temperature (ºC), wind chill (ºC), wind speed
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(kph), wind direction (Table 6), weaned (yes/no), and age (days) as predictor variables
(Table 11). To adjust for temporal autocorrelation in the model, we used a Newey-West
covariance matrix when calculating the statistical coefficients, z-values, and p-values. We
ran this model separately for each seal to examine individual variation.
3.2.4 Discrete Dives
After data calibration, discrete dives were described from the total data set using
the following parameters: the beginning and end of the dive descent, the beginning of the
dive ascent, descent time, bottom time, ascent time, total dive time, descent distance,
maximum dive depth, ascent distance, and post-dive duration. The discrete dives data set
included the following variables: animal ID, date/time stamp for the beginning of each
dive, time of day (Table 5), maximum depth of the dive (meters), dive duration (seconds),
post-dive duration (seconds) (Table 7), whether or not the pup was weaned (yes/no), and
age (Table 12). Only dive depths greater than 5 m were included in analyses to eliminate
any recording taken while the pup was at the surface. Similarly, we only included dives
longer than 30 seconds in duration to filter out records from the surface. Only post-dive
durations less than ten minutes were analyzed because after this, post-dive durations in
our data set were multiple hours long, indicating that pups were hauled out. To describe
trends in early dive behavior, we ran a series of linear mixed models (LMMs) with a dive
parameter (i.e., maximum depth of the dive (m), dive duration (s), or post-dive duration
(s)) as the response, animal ID as a random effect, and time of day (Table 5), whether or
not the pup was weaned (yes/no), and age as predictor variables, followed by Tukey’s
HSD test. Response variables were all log-transformed to achieve homogeneity of
variance in model selection. Age and weaning status were not independent, so the effects
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of weaning status were analyzed separately from age. We also used a Pearson’s Chi
squared test to characterize any differences in dive frequency by time of day (Table 5).
For this analysis, we only included dives greater than 12 meters in depth, as this cutoff is
standard in the literature for all older age classes (Burns and Testa, 1997; Burns and
Castellini, 1998; Burns et al., 2011).
To compare our results with previous, similar studies (Burns and Testa, 1997;
Burns and Castellini, 1998; Burns et al., 2011), we separated the discrete dives into four
time periods (morning: 03:00 – 08:59, afternoon: 09:00 – 14:59, evening: 15:00 – 20:59,
night: 21:00 – 02:59), then ran a LMM with a dive parameter (i.e., maximum depth of the
dive (m), dive duration (s), or post-dive duration (s)) as the response, animal ID as a
random effect, and time of day (morning, afternoon, evening, night) as the predictor,
followed by Tukey’s HSD test. Response variables were all log-transformed to achieve
homogeneity of variance in model selection.
Lastly, we determined daily dive frequencies for each pup and used a Pearson’s
Chi squared test to characterize any differences in daily dive frequency. We also
calculated the proportion of dive recordings that were less than or equal to 2 meters to
determine the amount of time pups were spending at the surface while in the water.
3.3 Results
TDRs were reprogrammed to correct technical issues at the five-week time point,
and dive data were not recorded for a few days prior to that point. Two pups (Lw1701
and Lw1703) were sampled at Big Razorback Island, and the remaining pups were
sampled at Turtle Rock (Figure G1). Because Lw1701 and Lw1707 were not yet weaned
prior to the week 7 sampling time point, weaned (yes/no) was not included in analyses for
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these pups. Air temperature and wind chill were highly colinear and showed little
differences in the analyses of discrete dives, so only wind chill was used in this data set.
The range for first recorded entries into the water was 7 to 17 days old. Maximum
dive depth and dive duration increased consistently across the time points, but post-dive
duration increased until week 3, then decreased across the remaining 2 time points (Table
7). Post-dive duration increased significantly with maximum dive depth (F1, 30117 = 840.8,
P < 0.0001) and maximum dive duration (F1, 30125 = 497.68, P < 0.0001).
3.3.1 Raw Dive Data
All pups spent significantly more time in the water during late night (00:00-03:00,
Table 5) than early afternoon through early night (P < 0.04) (Figure 10), and all pups
except Lw1707 spent significantly more time in the water during late night than late
morning as well (P < 0.002) (Figure 10). Lw1705 and Lw1708 spent significantly more
time in the water during late night (Table 5) than both early morning (P < 0.036) and
mid-morning (P < 0.0001) (Table 5, Figure 10). In contrast, Lw1707 spent significantly
less time in the water during late night than during early morning and mid-morning (P <
0.0001) (Figure 10).
For all pups, the probability of being in the water increased significantly with an
increase in age (P < 0.0001) (Figure 11). Lw1705 was weaned for the most days (11
days), followed by Lw1703 and Lw1704 (6 days), then Lw1708 (5 days), and Lw1706
was only weaned for 3 days during tag attachment. All weaned pups except Lw1708
spent significantly more time in the water once they were weaned (P < 0.0001) (Figure
12).
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There was far more variability in how well different weather conditions could
predict whether or not pups were in the water. Air temperatures from the sampling period
ranged from -25 to 0 °C (Figure 20). Lw1701, Lw1704, and Lw1705 were in the water
significantly more during the coldest air temperatures (-25 to -20 °C) than in all other
temperatures (P < 0.0001) (Table 6, Figure 13). Similarly, Lw1706 was in the water
significantly more in the coldest air temperatures than any other temperature group
except -5 to 0 °C (Table 6, P < 0.0001), and Lw1707 was in the water significantly more
in the coldest air temperatures than the two warmest temperature groups (-10 to -5°C
and -5 to 0 °C, P < 0.0001) (Figure 13). The remaining two pups showed more variation:
Lw1703 was in the water significantly more during the coldest air temperatures than
in -15 to -10 °C (P < 0.0001), yet significantly less than in -20 to -15 °C (P < 0.0001), -10
to -5 °C (P < 0.0001), and -5 to 0 °C (P < 0.0001) (Figure 13). Likewise, Lw1708 spent
significantly more time in the water during the coldest air temperatures than in -20 to -15
°C, -15 to -10 °C, and -5 to 0 °C (P < 0.0001), but significantly less than in -10 to -5 °C
(P < 0.0001) (Figure 13).
Wind chill temperatures for the sampling period ranged from -40 to 0 °C (Figure
21). Lw1701 and Lw1705 spent significantly more time in the water during the coldest
wind chill temperatures (-40 to -35 °C) than any other temperatures (Table 6, P < 0.034),
and Lw1708 showed the same trend but there was not a significant difference for the -35
to -30 °C range (P < 0.0001) (Figure 14). Alternatively, Lw1703 spent the least amount
of time in the water during the coldest wind chill temperatures when compared to all
other temperature ranges (Table 6, P < 0.0001) (Figure 14). The remaining pups
demonstrated varying trends (Figure 14).
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The highest wind speed recorded during the sampling time period was 28 kph
(Figure 22); however, these measurements did not include gusts of wind, which could
reach upwards of 50 kph, due to the five-minute sampling interval. Wind speed had a
varied relationship with pup submergence, but in general, most pups spent significantly
more time in the water when wind speeds were higher (P < 0.045; Figure 15). The most
common wind direction during the sampling period was north, followed by northwest
(Figure 23). Wind direction had the highest variation in its relationship to pups being in
the water (Figure 16).
3.3.2 Discrete Dives Data Set
In this data set, 78.88% of dives were less than or equal to 3 meters deep.
Maximum dive depth (m) varied significantly with time of day (F7, 1282 = 7.12, P < 0.001;
Table 5, Figure 17A); all pups dove significantly deeper in the mid-morning than in the
early night, late night, and early evening (P < 0.0353). Pups also dove significantly
deeper in the early morning than late night (P < 0.0001). Maximum dive depth increased
significantly with age (F1, 1285 = 30.25, P < 0.0001; Table 7) and after weaning (F1, 1176 =
15.39, P < 0.0001; Table 7).
Dive time (s) also varied significantly with time of day (F7, 5883 = 12.00, P <
0.0001; Figure 17B); pups had significantly longer dive times in the mid-morning than
during any other time of the day (P < 0.0002). Additionally, pups had significantly longer
dive times in the early morning, late morning, and early evening than in the early
afternoon (P < 0.0243). Dive time increased significantly with age (F1, 5173 = 33.48, P <
0.0001; Table 7) and after weaning (F1, 4093 = 7.75, P = 0.0054; Table 7). Post-dive
duration (s) decreased significantly with age (F1, 21101 = 36.30, P < 0.0001; Table 7) and
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after weaning (F1, 14644 = 5.05, P = 0.0246; Table 7). No other variables significantly
correlated with post-dive duration (Figure 17C).
Maximum dive depth still varied significantly by time of day with only four time
bins (F3, 1307 = 9.55, P < 0.0001). Maximum dive depth was significantly deeper in the
morning than in the afternoon and night (P < 0.0002), but morning and evening
maximum dives depths were not significantly different (Figure 17D). Dive time also
varied significantly by time of day with four time bins (F3, 5912 = 9.67, P < 0.0001), with
the longest dive times in the morning (P < 0.037; Figure 17E). Finally, post-dive duration
varied significantly with the four times of the day (F3, 29841 = 2.83, P = 0.037), with
significantly longer post-dive durations at night (P = 0.024; Figure 17F).
Dive frequency was significantly different during different times of day (χ2 (49, N
= 451) = 3157, P < 0.0001), with a greater proportion of dives occurring in the morning
hours (Figure 18). The frequency of daily dives was significantly different among days
for all pups (χ2 (1849, N = 31230) = 1342890, P < 0.0001; Figure 19); we noted a high
degree of individual variation in daily dive frequency among pups, but in general, daily
dive frequency appeared to increase across the sampling period (Figure 19).
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Table 5: Time of Day Bins. Asterisk denotes level that was used for comparison
(intercept) in binary logistic regression models.

Time of Day
Late Night*
Early Morning
Mid-Morning
Late Morning
Early Afternoon
Early Evening
Late Evening
Early Night

Hours of Day
00:01 – 03:00
03:01 – 06:00
06:01 – 09:00
09:01 – 12:00
12:01 – 15:00
15:01 – 18:00
18:01 – 21:00
21:01 – 24:00
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Table 6: Bins Used for Air Temperature (ºC), Wind Chill (ºC), Wind Speed (kph),
and Wind Direction (cardinal directions). Asterisks denote level that was used for
comparison (intercept) in binary logistic regression models.
Variable
Air Temperature (ºC)
Wind Chill (ºC)
Wind Speed (kph)
Wind Direction

Levels
(-25, -20]*, (-20, -15], (-15, -10], (-10, -5], (-5, 0]
(-40, -35]*, (-35, -30], (-30, -25], (-25, -20], (-20, -15],
(-15, -10], (-10, -5], (-5, 0]
(0, 5]*, (5, 10], (10, 15], (15, 20], (20, 25], (25, 30]
N*, NE, NW, E, S, SE, SW, W
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Table 7: Mean ± SEM of Maximum Dive Depth (meters), Maximum Dive Time (s), and Post-Dive Duration (s) at 4 Time
Points During Early Development and Pre- and Post-Weaning in Weddell Seal Pups (n = 7). Methods of calculations described
in text.
Parameter
Max Dive Depth (m)
Max Dive Time (s)
Post-Dive Duration (s)

1
2.55±0.01
40±1.9
42.22±12.04

Time Point (age in weeks)
3
5
7.54±0.03
24.64±0.11
393±1.27
1307.6±4.2
51.15±3.91 46.14±3.68
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7
37.87±0.12
1389±4
39.58±2.85

Weaned?
N
Y
12.93±0.32 15.77±0.71
31.51±0.64 36.58±1.23
44.93±0.54 44.00±0.88

Figure 10: Model Outputs from Binary Logistic Regression with a Newey-West Covariance Adjustment Showing the
Proportion of Time Weddell Seal Pups (n = 7) Spent in the Water During Different Times of the Day (Table 5). Asterisks
indicate bin was significantly different from intercept (late night), and significance levels were: *** P < 0.001, ** P < 0.01, * P < 0.05.
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Figure 11: Model Outputs from Binary Logistic Regression with Newey-West
Covariance Adjustment Showing the Probability of Weddell Seal Pups (n = 7) Being
in the Water (submerged) as they Age. For all pups, the probability of being in the
water increased significantly with age (P < 0.001).
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***

***

***

***

Figure 12: Model Outputs from Binary Logistic Regression with Newey-West
Covariance Adjustment Showing the Relationship Between Weaned (Yes/No) And
Submergence for Weddell Seal Pups (n = 5). Because Lw1701 and Lw1707 were not
weaned by age 7 weeks, they were not included in this analysis. Asterisks indicate
unweaned pups were significantly different from weaned pups, and significance levels
were: *** P < 0.001, ** P < 0.01, * P < 0.05. The right y-axis shows frequency of
response, and the width of the bin is the proportion of responses in each category; all
pups spent the majority of the tag attachment period dependent on their mothers.
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Air Temperature (°C)

Figure 13: Model Outputs from Binary Logistic Regression with A Newey-West Covariance Adjustment Showing the
Proportion of Time Weddell Seal Pups (n = 7) Spent in the Water in Different Air Temperatures (ºC; Table 6). Asterisks
indicate bin was significantly different from intercept (-25 to -20 °C], and significance levels were: *** P < 0.001, ** P < 0.01, * P <
0.05.
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Figure 14: Model Outputs from Binary Logistic Regression with A Newey-West Covariance Adjustment Showing the
Proportion of Time Weddell Seal Pups (n = 7) Spent in the Water in Different Wind Chill Air Temperatures (ºC; Table 6).
Asterisks indicate bin was significantly different from intercept, and significance levels were: *** P < 0.001, ** P < 0.01, * P < 0.05.
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Figure 15: Model Outputs from Binary Logistic Regression with A Newey-West Covariance Adjustment Showing the
Proportion of Time Weddell Seal Pups (n = 7) Spent in the Water in Different Wind Speeds (kph; Table 6). Asterisks indicate
bin was significantly different from intercept, and significance levels were: *** P < 0.001, ** P < 0.01, * P < 0.05.
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Figure 16: Model Outputs from Binary Logistic Regression with A Newey-West Covariance Adjustment Showing the
Proportion of Time Weddell Seal Pups (n = 7) Spent in the Water in Different Wind Directions (Table 6). Asterisks indicate bin
was significantly different from intercept, and significance levels were: *** P < 0.001, ** P < 0.01, * P < 0.05.
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Figure 17: Dive Behavior Characteristics by Time of Day Split into Eight Bins (A-C; Table 5) and Four Bins (D-E; Morning:
03:00 – 08:59, Afternoon: 09:00 – 14:59, Evening: 15:00 – 20:59, Night: 21:00 –02:59). Dive characteristics include: (A, D) mean
± SEM maximum dive depth (m), (B, E) maximum dive time (s), and (C, F) post-dive duration (s). Letters indicate statistically
significant differences based on Tukey’s HSD post-hoc test. Different letters indicate statistically significant differences based on
Tukey’s HSD post-hoc test. Time of day split into eight bins did not significantly correlate with post-dive duration (C).
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Figure 18: Frequency (left axis) and Percentage (right axis) of Dives Greater than 12 m by Time of Day (Table 5) for Weddell
Seal Pups (n = 7). Calculation methods described in text.
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Figure 19: Daily Dive Frequencies (total number of dives per day) for Weddell Seal Pups (n = 7) Starting at One Week Old
Until 7 Weeks of Age During the 2017 Pupping Season. Some data points are missing due to technological issues.
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3.4 Discussion
These data represent some of the earliest dive recordings for Weddell seal pups
and provide high-resolution insight into dive behavior as these animals are first learning
to be in the water. Our results revealed certain consistent trends among all pups, but we
also noted a high degree of individual variation in nearly all parameters analyzed. This
discussion will focus first on trends that can be generalized to all study animals and will
then discuss the differences we saw among individuals.
3.4.1 General Trends
Prey distribution in the water column has often been considered an important
determinant of diving behavior in Weddell seals; adult, sub-adult, and even yearling seals
have consistently demonstrated diurnal behaviors in diving, spending more time in the
water during the night and dawn/dusk periods (Testa, 1994; Schreer and Testa, 1996;
Burns and Testa, 1997; Burns et al., 1997; Burns and Castellini, 1998; Burns et al., 1999;
Burns, 1999; Burns and Kooyman, 2001; Plötz et al., 2002). Accordingly, we saw that,
despite a large degree of individual variation, all pups spent the most time in the water
during the late night to mid-morning hours (Table 5, Figure 10). These are the times
when the bulk of the Weddell seal diet, Antarctic silverfish (Pleuragramma antarcticum),
are thought to be vertically migrating upwards in the water column (Dearborn, 1965;
Clarke and MacLeod, 1982; Eastman, 1985; Hubold and Ekau, 1985; Testa et al., 1985;
Kellerman, 1986; Plötz et al., 1986; Green and Burton, 1987; Castellini et al., 1991;
White and Piatkowski, 1993; Goetz, 2015), and it is also when adult females spend the
majority of their time in the water (Testa, 1994). These results supported our hypothesis
that pups would demonstrate similar temporal and diurnal patterns to adult females
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because dependent pups are accompanied by their mothers whenever they are in the
water (Lindsey, 1937; Stirling, 1969). Based on the preferred submergence times of pups
in this study, it appears the females are not altering the normal timing of when they are in
the water; this is not unexpected, as mothers begin to forage again when their pups are
around 3 weeks old (Tedman and Bryden, 1979; Sato et al., 2002).
We also noted that pups had the highest dive frequency and made their longest,
deepest dives in the late night to mid-morning hours (Table 5, Figure 17A-B and D-E,
Figure 18). This did not support our hypothesis and is not what has been documented
previously for older, weaned pups and yearlings, which make their longest, deepest dives
during the afternoon hours (Burns, 1999; Burns et al., 1999). In contrast, our pups had the
lowest dive frequency and made their shortest, shallowest dives during the afternoon to
early evening hours (Figure 17A and B, Figure 18). It is likely that dependent pups are
attempting deeper and longer dives during the times they are already in the water the
most, which in this case is the late night and early to mid-morning (Figure 10). It appears
that diving effort (i.e., frequency, depth, and duration of dives) may be linked more with
when pups are in the water than with foraging attempts at this young age. Yearling
Weddell seals and adults are thought to make their deepest, longest dives in the afternoon
hours because this is when their prey are deeper in the water column than in the late night
and early morning hours, when seals can forage at shallower depths and still catch prey
(Testa, 1994; Burns, 1999; Burns et al., 1999). Our results, in combination with previous
research, indicate dependent pups are likely prioritizing developing their swimming and
diving capabilities over attempting to forage (Rea, 1995), and as such, would not need to
be diving deeply in the afternoon hours. Alternatively, dependent pups may have higher
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diving efforts in the late night and early morning hours because this is when females are
foraging on more shallow prey; if pups are foraging at all before they are weaned,
shallow prey would be the easiest to pursue based on pups’ physiological constraints and
lack of ability to reach and remain at depths necessary to forage in the afternoon (Burns
and Testa, 1997; Burns et al., 1997; Burns and Castellini, 1998; Burns et al., 1999; Burns,
1999; see Chapter 1).
Regardless of when pups were in the water and the timing of their diving efforts,
we saw that pups spent nearly three quarters of their time in the water at the surface. This
is not uncommon in other polar phocids (Lydersen and Kovacs, 1999), but we expected
the young of such a characteristically deep diver with one of the longest dependence
periods of any phocid (Perrin et al., 2002) to have spent more time practicing dives. Yet,
this supports our conjecture that during dependence, Weddell seal pups are attempting
little, if any, foraging and instead are prioritizing development of their swimming and
navigational abilities. Weddell seals, unlike many other pinnipeds, are faced with the
challenge of finding and maintaining breathing holes because they dive under fast ice
(Stirling, 1969). One of the main causes of pup mortality in Weddell seals is drowning,
due to undeveloped swimming skills and/or the inability to locate breathing holes
(Schreer et al., 1996); thus, it is critical for pups learn how to navigate under the ice and
locate breathing holes while they are still with their mothers. An additional threat to pups
is males guarding breathing holes and underwater territories (Siniff et al., 1997).
Foraging effort and abilities appear to take much of the first year of life and beyond to
develop in Weddell seals; even sub-adult seals do not possess the aerobic capacity and
skills to forage at the same level as adults (Burns, 1999; Kanatous et al. 2008). It is not
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surprising then that the focus of the dependence period would not be developing foraging
capabilities, but instead learning how to merely survive in the water and under the ice.
Even though pups spent the majority of their time in the water at the surface, we
did see an increase in diving capabilities as pups aged: all pups spent more time in the
water as they aged (Figure 11) and both dive depth and duration were significantly
correlated with increases in age. Pups also spent more time in the water and dove deeper
and longer after they were weaned (Table 7), which is consistent with research showing
that weaned pups have more diving abilities than dependent pups (Burns et al., 1999). In
previous studies, age was found to be the most significant determinant of diving behavior
in dependent pups, and time of day was not a significant predictor of diving behaviors
until pups were at least three months old (Burns et al., 1997; Burns and Castellini, 1998;
Burns et al., 1999; Burns, 1999). In this study, however, we found time of day was a
significant predictor of all diving parameters for dependent pups. Dive depth and duration
were significantly different based on time of day, whether time of day was split into eight
bins (Figure 17A and B), or only four bins (Figure 17D and E) to mimic the analyses of
previous studies (Burns and Testa, 1997; Burns et al., 1997; Burns and Castellini, 1998;
Burns et al., 1999; Burns, 1999). We were able to gather more and higher-resolution data
than these previous studies due to advances in technology, and this was beneficial
because we could reveal significant determinants of diving behavior in dependent pups
that were previously thought to be unimportant.
One interesting trend we noted was that post-dive duration was only significantly
different when time of day was split into four bins (Figure 17F) and not eight (Figure
17C). Unexpectedly, pups had significantly longer post-dive durations in the evening
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(15:00 - 20:59) than at night (21:00 – 02:59) (Figure 17F). The post-dive duration is the
time spent at the surface after a dive when the animal replenishes oxygen stores, and it is
directly related to the length of the dive and whether or not the aerobic dive limit (ADL)
was surpassed (Kooyman et al., 1980). Thus, one would expect post-dive durations to be
the longest during periods in which pups are making the longest dives, but instead we
saw longer post-dive durations during the period in which pups had the lowest dive
frequency and made the shortest, most shallow dives (Figure 17A and B, Figure 18). One
explanation could be that the post-dive duration in dependent pups is not used in the
traditional sense for replenishing oxygen stores because pups are not experiencing much,
if any, hypoxia. The ADL reported for 6-week old Weddell seal pups is approximately 6
minutes (Burns et al., 1999), and the average dive duration for pups in our study was less
than one minute. This indicates pups were generally not diving long enough to reach, let
alone surpass, their aerobic dive limit, so they would not experience a rise in blood
lactate levels and would not need a long post-dive duration before their next dive. Postdive durations may be longer in the afternoon hours simply because pups are not making
their longest or deepest dives and are spending more time at the surface or hauled out.
We saw that, in contrast with dive depth and duration, post-dive duration
significantly decreased as pups got older. Specifically, we saw some increases during the
first few weeks of life followed by a marked decrease starting at the 5-week time point
(Table 7). Post-dive durations were also significantly shorter after pups were weaned
(Table 7). It could be that independent pups are more vulnerable to male aggression at the
surface, so near or post-weaning individuals may spend more time hauled out and/or less
time at the surface until they are able to evade males and improve their diving abilities.
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Another explanation of this trend could be that pups are spending as much time
attempting diving behaviors as possible; we saw increases in dive duration and depth
after weaning (Table 7), so pups may spend less time at the surface to expedite
developments in diving capabilities.
3.4.2 Individual Variation
Our study supports the idea that diving behavior is often confounded by large
amounts of individual variation (Testa, 1994; Schreer and Testa, 1996; Burns and Testa,
1997; Burns et al., 1997; Burns and Castellini, 1998; Burns et al., 1999; Burns, 1999;
Burns and Kooyman, 2001; Plötz et al., 2002). We were able to identify a wide variety of
consistent trends in diving behavior and temporal submergence patterns, but the effects of
weather parameters on when pups were in the water was highly variable. It is worth
noting we did not see daily patterns in any temperature variables (Figures A1-3), so time
of day was not a confounding variable when we examined the effects of weather on
submergence. It appeared certain pups (Lw1701, Lw1704, and Lw1705) preferred to be
in the water during the coldest conditions, whereas the other pups were in the water
during warmer weather (Figure 13, Figure 14). This dichotomy can most likely be
attributed to individual variation among pups, which could in fact stem from individual
variation in the submergence presences of pups’ mothers as they are diving together
during dependence. Another explanation could involve thermoregulation; in air, radiation
and convection due to wind are the major sources of heat loss in Weddell seals (Mellish
et al., 2015). One of the pups sampled at Big Razorback island appeared to prefer being
in the water when she would have been exposed to the wind while hauled out. Lw1703
was sampled on the western side of Big Razorback Island and was in the water more
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when the wind direction was southwest and west, which would have placed her on the
windward side of the island (Figure 16). We did not see the same pattern in Lw1701, who
was also sampled at Big Razorback Island but in an area more sheltered from the
prevailing winds (Figure 16). Lw1703 perhaps combated convective heat loss by entering
the water. This line of reasoning could also be used to explain the variation in other pups
in terms of submergence preferences: most pups spent significantly more time submerged
when wind speeds were greater (Figure 15). This study was the first to characterize
potential determinants of when pups spent time in the water, and we show that there are
significant effects of temperature and wind parameters, even if these effects differed
based on the individual.
There was also a large degree of individual variation in daily dive frequencies
(Figure 19). Lw1704, Lw1705, and Lw1706 showed relatively uniform daily dive
frequencies during the sampling period, whereas Lw1701, Lw1703, Lw1707, and
Lw1708 showed clear increases in daily dive frequency over their dependence period and
beyond weaning (Figure 19). This variation is supported by the individual variation in
diving abilities among pups. Lw1708 had the shortest maximum dive depths and
durations, so this pup’s lower dive frequency and slower increase in daily dive frequency
is consistent with a more gradual development of diving experience. On the other hand,
Lw1703, Lw1704, and Lw1706 were the most advanced divers and made the longest and
deepest dives out of any pups; their more uniform daily dive frequencies support their
apparently enhanced diving abilities. These differences in diving behavior may also be
related to pups’ molt status, as Lw1708 was only partially molted even after weaning.
This pup may not have been able to thermoregulate in the water as well due to the
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composition of his insulation (Sharma and Liwanag, 2017; Pearson et al., 2019), whereas
the other pups were fully molted by the time they were weaned, which could explain their
increased diving efforts.
While we were able to generate novel information on early diving in Weddell seal
pups, this study did have certain limitations. A larger sample size and more animals from
different sites would allow for a more thorough analysis of what determines when pups
are in the water. Additionally, our sample animals were mostly male, so no sex
differences in diving behavior could be investigated. Furthermore, we had technical
issues with our tags and lost a few days’ worth of data for each pup, just before the 5week time point. This did not entirely hinder our analyses but having a complete profile
of diving behavior during pups’ entire dependence period would be even more useful in
characterizing the complete trajectory of early patterns. The 5-week time point appeared
to be important in general, as pups were close to weaning and were starting to make
longer and deeper dives more consistently. Knowing how their diving profiles look
during the transition to independence could yield new insights or perhaps fill in some of
the gaps in a potentially pivotal point in the development of diving abilities.
Weddell seals have been a model organism for the study of diving behavior for
decades
(Kooyman, 1968; Kooyman, 1975; Siniff et al., 1975; Kooyman, 1981; Thomas and
DeMaster, 1983; Testa et al., 1985; Testa et al., 1989; Castellini et al., 1991; Testa, 1994;
Burns and Testa, 1997; Burns, 1999; Burns et al., 1999), and the results of this study help
to fill in the gaps of our knowledge of how this species develops into one of the deepest
diving pinnipeds. Weddell seals are rather unique because not only do they enter the
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water at a relatively young age, but they also are in the water with their moms during
their dependence period (Lydersen and Kovacs, 1999, Perrin et al., 2002). Our results
suggest that while pups are still with their mothers, they may prioritize adjusting to a life
under water and underneath ice as opposed to attempting foraging behaviors. Unlike
many other phocids, Weddell seals must rely on locating and maintaining breathing holes
in the ice, and it is critical that pups learn these skills from their mothers while they can,
to ensure they survive into adulthood.
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A. Literature Values
Table 8: Values Used in Myoglobin Concentration Interpolation. We determined the
mass of our stillborn neonate animals from a random distribution based on the average
and standard deviation of the mass of neonate Weddell seals (Pearson et al., 2014b). The
same principle was used for our two deceased adult females (Kooyman et al., 1983). All
other values were taken from the literature – in each study, individual animals had a mass
associated with their myoglobin concentration.

Source
This study
This study
This study
This study
This study
This study
This study
This study
Shero et al., 2015
Shero et al., 2015
Shero et al., 2015
Kooyman et al., 1983
Kooyman et al., 1983
Kooyman et al., 1983
Hindle et al., 2011
Ponganis et al., 1993
Ponganis et al., 1993
Ponganis et al., 1993
Ponganis et al., 1993
Kanatous et al., 2008
Kanatous et al., 2008
Kanatous et al., 2008

Mass (kg)
28.57
36.66
38.96
24.44
27.56
34.95
348
340
335.6
413.7
321.60
450
200
140
424
379
636
448
78
75.7
125.1
385.3
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Myoglobin Concentration
(g Mb ∙ 100 g-1 wet
muscle)
2.32
2.27
2.09
1.66
0.33
2.71
6.75
7.26
8.60
9.58
9.04
8.10
3.60
2.50
6.01
6.40
6.40
4.20
4.40
3.55
7.24
5.59

Table 9: Literature Values Used in Blood Oxygen Interpolation. We used the known
mass and associated blood oxygen content (mL) for the pups in our study as well as
values taken from the literature – in each study, individual animals had a mass associated
with their blood oxygen content.
Source
Mass (kg)
This study
52.5
This study
50
This study
39
This study
40.5
Hindle et al., 2011
400
Hindle et al., 2011
424
Hindle et al., 2011
398
Hindle et al., 2011
427
Shero et al., 2015
321
Shero et al., 2015
335
Shero et al., 2015
413
Burns and Castellini, 1996
118.5
Kooyman et al., 1983
450
Kooyman et al., 1983
200
Kooyman et al., 1983
140

93

Blood Oxygen (mL)
1731.57
1369.27
1261.44
1780.21
12500
13900
12900
13400
14573.4
13433.5
15735.3
3934.2
16900
7500
5200

Table 10: Values Used in LMM Comparing the Total Body Mass-Specific Oxygen
Stores (mean TBO2) of Weddell Seal Pups and Adults. Method for calculating TBO2
described in text.

Source
This study
This study
This study
This study
Kooyman, 1980
Hindle et al., 2011
Shero et al., 2015
Shero et al., 2015
Shero et al., 2015

Age
1 week
3 weeks
5 weeks
7 weeks
Adult
Adult
Adult
Adult
Adult

TBO2 (mL O2 · kg-1)
75.43
78.56
87.35
89.27
89
63
83.4
72.5
73.5
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TBO2 (mL)
3573.66
6369.54
9665.31
10425.9
30355.5
27400
37825
26771.4
24287.5

B. Example Data
Table 11: Example Data from the Raw Data Set in Chapter 2. Fields include animal ID, a date-time stamp, depth of the recording
(meters), time of day, age (days), whether or not the pup was in the water (Y/N), whether or not the pup was weaned (Y/N), air
temperature (ºC), wind chill (ºC), wind speed (kph), and wind direction.

Animal
ID

Date-Time Depth
(m)

Time of Day

Age
In
(days) Water?

Weaned?

Air
Temperature
(ºC)

Wind
Chill
(ºC)

Wind
Speed
(kph)

Wind
Direction

Lw1703

10/28/2017
19:04:56

2.56

Late Evening

13

Y

N

(-10, -5]

(-10, -5]

(10,15]

W

Lw1704

10/29/2017
05:21:24

NA

Early Morning

13

N

N

(-20, -15]

(-25, 20]

(0,5]

NE

Lw1706

11/9/2017
09:21:04

NA

Late Morning

23

N

N

(-15, -10]

(-20, 15]

(5,10]

E

Lw1701

10/26/2017
01:28:24

4.89

Late Night

10

Y

N

(-20, -15]

(-20, 15]

(0,5]

E

Lw1708

12/7/2017
16:46:48

15.27

Early Evening

50

Y

Y

(0,5]

(0,5]

(0,5]

SW
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Table 12: Example Data from the Discrete Dives Data Set in Chapter 2. Each dive included animal ID, the date and time of the
beginning of the dive ascent, time of day, maximum depth of the dive (meters), total dive time (seconds), post-dive duration (seconds),
whether or not the pup was weaned (Y/N), and the age of the pup (days).

Animal
ID

Beginning of Ascent

Time of Day

Max
Depth (m)

Dive Time
(sec)

Post-Dive
Duration
(sec)

Weaned?

Age
(days)

Lw1701

10/23/17 11:24:56

Early Night

3.45

56

4

N

10

Lw1704

11/1/17 02:31:45

Late Night

12.35

127

76

N

25

Lw1708

12/3/17 00:42:20

Late Night

23.58

234

15

N

29

Lw1706

11/27/17 10:51:12

Late Morning

17.4

84

200

N

31

Lw1705

10/31/17 04:34:14

Early Morning

25.20

560

345

Y

48
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C. Weather Data

Figure 20: Daily Temperatures (ºC) During 2017 Weddell Seal Breeding Season
(October – December) Season McMurdo Sound, Erebus Bay, Antarctica
(~77°44’42” S, 166°46”26” E). An air temperature was taken every five minutes using a
Davis Vantage Pro 2 integrated sensor suite weather station (Davis Instruments,
Hayward, CA, USA). The red line shows the trend in daily averages over the season.
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Figure 21: Daily Wind Chill Temperatures (ºM) During 2017 Weddell Seal Breeding
Season (October – December) Season McMurdo Sound, Erebus Bay, Antarctica
(~77°44’42” S, 166°46”26” E). A wind chill temperature was taken every five minutes
using a Davis Vantage Pro 2 integrated sensor suite weather station (Davis Instruments,
Hayward, CA, USA). The red line shows the trend in daily averages over the season.
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Figure 22: Daily Wind Speeds (kph) During 2017 Weddell Seal Breeding Season
(October – December) Season McMurdo Sound, Erebus Bay, Antarctica
(~77°44’42” S, 166°46”26” E). A wind speed was taken every five minutes using a
Davis Vantage Pro 2 integrated sensor suite weather station (Davis Instruments,
Hayward, CA, USA). The red line shows the trend in daily averages over the season.
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Figure 23: Frequency of Different Wind Directions During 2017 Weddell Seal
Breeding Season (October – December) Season McMurdo Sound, Erebus Bay,
Antarctica (~77°44’42” S, 166°46”26” E). Wind direction was taken every five minutes
using a Davis Vantage Pro 2 integrated sensor suite weather station (Davis Instruments,
Hayward, CA, USA).
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